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THE OBGANIZATION OF THE NEW YORK ACADEMY OF 

SCIENCES 

THE ORIGINAL CHARTER 

AN ACT TO INCOBPOBATB THE 

LYCEUM OF NATURAL HISTORY IN THE CITY OP NEW YORK 
Passed April W, 1818 

Whebbas, The mcmbera of the Lyceum of Natural History have 
petitioned for an act of incorporation, and the Legislatiue, impressed 
with the importance of the study of Natural History, as connected 
with the wants, the comforts and the happiness of mankind, and con- 
ceiving it their duty to encourage all laudable attempts to promote the 
progress of science in this State — therefore, 

1 , Be it enacted by the People of the State of New York represented in 
Senate and Assembly, That Samuel L. Mitchill, Casper W. Eddy, 
Frederick C. Schaeffer, Nathaniel Paulding, William Cooper, Benjamin 
P. Eissam, John Torrey, William Cumberland, D'Jureo V. Knevels, 
James Clements and James Pierce, and such other persons as now are, 
and may from time to time become members, shall be, and hereby are 
constituted a body corporate and politic, by the name of Lyceum of 
Natural History in the City op New York, and that by that name 
they shall have perpetual succession, and shall be persons capable of 
suing and being sued, pleaded and being impleaded, answering and 
being answered unto, defending and being defended, in all courts and 
places whatsoever; and may have a common seal, with power to alter 
the same from time to time; and shall be capable of purchasing, taking, 
holding, and enjoying to them and their successors, any real estate in 
fee simple or otherwise, and any goods, chattels, and personal estate, 
and of selling, leasing, or otherwise dis])Osing of said real or personal 
estate, or any part thereof, at their will and pleasure: Provided always, 
that the clear annual value or income of such real or personal estate 
shall not exceed the sum of five thousand dollars: Provided, however, 
that the funds of the said Corporation shall be used and appropriated 
to the promotion of the objects stated in the preamble to this act, and 
those only. 

2. And he it further enacted, That the said Society shall from time to 
time, forever hereafter, have power to make, constitute, ordain, and 
establish such by-laws and relations as they shall ju<^e proper, for 
the election of their officers; for prescribing their respective functions, 
and the mode of discharging the same; for the admission of new mem- 

( 1 ) 
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bers; for the government of the ofBcers and members thereof; for col- 
lecting annual contributions from the members towards the funds 
thereof; for regulating the times and places of meeting of the said 
Society; for suspending or expelling such members as shall neglect or 
refuse to comply with the by-laws or regulations, and for the managing 
or directing the affairs and concerns of the said Society: Provided such 
by-laws and regulations be not repugnant to the Constitution and laws 
of this State or of the United States. 

3. And be it further enacted^ That the officers of the said Society shall 
consist of a President and two Vice-Presidents, a Corresponding Secre- 
tary, a Recording Secretary, a Treasurer, and five Curators, and such 
other officers as the Society may judge necessary; who shall bo an- 
nually chosen, and who shall continue in office for one year, or until 
others be elected in their stead; that if the annual election shall not be 
held at any of the days for that purpose appointed, it shall be lawful to 
make such election at any other day; and that five members of the 
said Society, assembling at the place and time designated for that 
purpose by any by-law or regulation of the Society, shall constitute a 
legal meeting thereof. 

4. And be it further enacted, That Samuel L. Mitchill shall bo the 
President; Casper W, Eddy the First Vice-President; Frederick C. 
Schaeffer the Second Vice-President; Nathaniel Paulding, Correspond- 
ing Secretary; William Cooper, Recording Secretary; Benjamin P. Kis- 
sam, Treasurer, and John Torrey, William Cumberland, DMurco V. 
Knevels, James Clements, and James Pierce, Curators; severally to be 
the first officers of the said Corporation, who shall hold their respective 
offices until the twenty-third day of February next, and until others 
shall be chosen in their places. 

5. And be it further enacted, That the present Constitution of the 
said Association shall, after passing of this Act, continue to be the 
Constitution thereof; and that no alteration shall be made thenun, 
unless by a vote to that effect of three-fourths of the resident immibers, 
and upon the request in writing of one-third of such resident members, 
and submitted at least one month before any vote shall be taken 
thereupon. 


State of New York, Secretary's Office, 

I CERTIFY the preceding to be a true copy of an original Act of the 
Legislature of this State, on file in this Office. 

Arch'd Campbell, 

Dep. Sec’y, 


Albany, Aprd, 29, 1818. 
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ORDER OF COURT 


OKOBK OP THE SUPREME COURT OF THE STATE OP NEW YORK 
TO CHANOE THE NAME OP 

THE LYCEUM OF NATURAL HISTORY IN THE CITY 
OP NEW YORK 

TO 

THE NEW YORK ACADEMY OF SCIENCES 


Whereas, in pursuance of the vote and proceedings of this Corpora- 
tion to change the corporate name thereof from “The Lyceum of 
Natural History in the City of New York” to “The New York Acad- 
emy of Sciences,” which vote and proceedings appear to record, an 
application has been made in behalf of said Corporation to the Supreme 
Court of the State of New York to legalize and authorize such change, 
according to the statute in such case provided, by Chittenden & Hub- 
bard, acting as the attorneys of the Corporation, and the said Supreme 
Court, on the 6th day of January, 1876, made the following order upon 
such application in the premises, viz: 

At a special term of the Supreme 
Court of the State of New York, 
held at the Chambers thereof, in 
the County Court House, in the 
City of New York, the 5th day 
of January, 1876: 

Present — ^Hon. Geo. C. Barrett, Justice. 

In the matter of the application of 
the Lycetim of Natural History 
in the City of New York to au- 
thorize it to assume the corporate 
name of the New York Academy 
of Sciences. 

On reading and filing the petition of the Lyceum of Natural History 
in the City of New York, duly verified by John S. Newberry, the Presi- 
dent and chief officer of said Corporation, to authorize it to assume the 
corporate name of the Now York Academy of Sciences, duly setting 
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forth the grounds of said application, and on reading and filing the 
affidavit of Geo. W. Quackenbush, showing that notice of such applica- 
tion had been duly published for six weeks in the State paper, to wit, 
The Albany Evening Journal, and Uic affidavit of David S. Owen, 
showing that notice of such application has also been duly published 
in the proper newspaper of the County of New York, in wluch county 
said Corporation had its business office, to wit, in The Daily Register, 
by which it appears to my satisfaction that such notice has been so 
published, and on reading and filing the affidavits of Robert H. Browne 
and J. S. Newberry, thereunto annexed, by which it appears to my 
satisfaction that the application is made in pursuance of a resolution 
of the managers of said Corporation to that end named, and there 
appearing to me to be no reasonable objection to said Corporation so 
chan ging its name as prayed in said petition: Now on motion of 
Grosvenor S. Hubbard, of Counsel for Petitioner, it is 

Ordered, That the Lyceum of Natural History in the City of New 
York be and is hereby authorized to assume the corporate name of The 
New York Academy of Sciences. 

Indorsed: Filed January 5, 1876, 

A copy. Wm. Walsh, Clerk. 

Resolution of The Academy accepting the order of the Court, passed 

February 21, 1876 

And whereas, The order hath been published as therein required, and 
all the proceedings necessary to carry out the same have been had. 
Therefore: 

Resolved, That the foregoing order be and the same is hereby ac- 
cepted and adopted by this Corporation, and that in conformity there- 
with the corporate name thereof, from and after the adoption of the 
vote and resolution herein above referred to, be and the same is hereby 
declared to be THE NEW YORK ACADEMY OF SClhJNCES. 

AMENDED CHARTER 
Mabch 19, 1902 

Chapter 181 of the Laws op 1902 

An Act to amend chapter one hundred and ninety-seven of the laws 
of eighteen hundred and eighteen, entitled "An act to incorporate the 
Lyceum of Natural History in the City of New York," a Corporation 
now known as The New York Academy of Sciences and to extend the 
powers of said Corporation. 
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(Bccamp a law March 19, 1902, with the approval of the Governor. 
Passed, tlircc-fifths being present.) 

The People of the State of New York, represented in Senate and As- 
semhly, do enact as follows: 

Skotion I. The Gorporation incorporated by chapter one hundred 
and ninety-seven of the laws of eighteen hundred and eighteen, en- 
titled “An act to incorporate the Lyceum of Natural History in the 
City of New York,” and formerly known by that name, but now known 
as The Now York Aeademy of Sciences through change of name pur- 
suant to order made by Ihc supreme court at the city and county of 
New York, on January fifth, eighteen hundred and seventy-six, is 
hereby authorized and empowered to raise money for, and to erect 
and maintain, a building in the city of New York for its use, and in 
which also at its option other scientific societies may be admitted and 
have their headquarters upon such terms as said Corporation may 
make with them, portions of which building may be also rented out by 
said Corporation for any lawful uses for the purposes of obtaining 
income for the maintenance of such building and for the promotion of 
the objeets of the Corporation; to establish, own, equip, and administer 
a public library, and a museum having especial reference to scientific 
subjects; to publish communications, transactions, scientific works, 
and periodicals; to give scientific instruction by lectures or otherwise; 
to encourage the advaneomont of scientific research and discovery, by 
gifts of money, prizes, or other assistance thereto. The building, or 
rooms, of said Corporation in the City of New York used exclusively 
for library or scientific purposes shall bo subject to the provisions and 
be entitled to the benefits of subdivision seven of section four of 
chapter nine hundred and eight of the laws of eighteen hundred and 
ninety-six, as amended. 

Skction H. The said Corporation .shall from time to time forever 
her<'iift('r hav<! i>(»w<*r to make, constitute, ordain, and establish such 
by-laws and regulations as it shall judge proper for the, election of 
its officers; for pn'serilring their respective functions, and the mode of 
discharging the same; for the admission of now members; for the 
government of officers and members thereof; for collecting dues and 
contributions towards the funds thereof; for regulating the times and 
places of meeting of said Corporation; for suspending or expelling such 
members as shall neglect or refuse to comply with the by-laws or regu- 
lations, and for managing or directing the affairs or concerns of the 
said Corporation: and may from time to time alter or modify its 
constitution, by-laws, rules, and regulations. 
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Section III. The officers of the said Corporation shall consist of a 
president and two or more vice-presidents, a corresponding secretary, 
a recording secretary, a treasurer, and such other officers as the Corpo- 
ration may judge necessary j who shall be chosen in the manner and for 
the terms prescribed by the constitution of the said Corporation. 

Section IV. The present constitution of the said Corporation shall, 
after the passage of this act, continue to be the constitution thereof 
until amended as herein provided. Such constitution as may be 
adopted by a vote of not less than three-quarters of such resident mem- 
bers and fellows of the said New York Academy of Sciences as shall be 
present at a meeting thereof, called by the Recording Secretary for 
that purpose, within forty days after the passage of this act, by written 
notice duly mailed, postage prepaid, and addressed to each fellow and 
resident member at least ten ^ys before such meeting, at his last 
known plaee of residence, with street and number when known, which 
meeting shall be held within three months after the passage of this 
act, shall be thereafter the constitution of the said New York Academy 
of Sciences, subject to alteration or amendment in the manner pro- 
vided by such constitution. 

Section V. The said Corporation shall have power to consolidate, 
to unite, to co-operate, or to ally itself with any other society or as- 
sociation in the city of New York organized for the promotion of the 
knowledge or the study of any science, or of research therein, and for 
this purpose to receive, hold, and administer real and personal property 
for the uses of such consolidation, union, co-operation, or alliance sub- 
ject to such terms and regulations as may be agreed upon with such 
associations or societies. 

Section VI. This act shall take effect immediately. 

State op New Yoek, 

Oppicb op the Seceetabt op State. 

I have compared the preceding with the original law on file in this 
office, and do hereby certify that the same is a correct transcript there- 
from, and the whole of said original law. 

Given under my hand and the seal of office of the Secretary of State, 
at the city of Albany, this eighth day of April, in the year one thousand 
nine hundred and two. 

John T. McDonough, 

Secretary of State. 
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CONSTITUTION 

Adopted, April 24, 1902, and Amended at Subsequent Times 

Article I. The name of this Corporation shall be The New York 
Academy of Rcionccs. Its object shall be the advancement and diffu- 
sion of scientific knowledge, and the center of its activities shall be in 
the City of New York. 

Article II. The Academy shall consist of eight classes of members, 
namely: Sustaining Members, Active Members, Fellows, Associate 
Members, Student Members, Affilialed Members, Corresponding 
Members, and Honorary Members. Sustaining and Active Members 
shall be the members of the Corporation who live in or near the City 
of New York, or who, having removed to a distance, desire to retain 
their connection with the Academy. Fellows shall be chosen from the 
Sustaining and Active Members in virtue of their scientific attain- 
ments. Associate Members are members living at a distance from the 
City of New York, who wish to maintain a membership connection 
with the Academy without the responsibility and privileges of Active 
Membership. Student Members are junior workers in science con- 
nected with scientific institutions, as regular or research students, or 
junior faculty members, who wish temporary membership in the 
Academy. Corresponding and Honorary Members shall be chosen 
from among persons who have attained distinction in some branch of 
science. The number of Corresponding Members shall not exceed two 
hundred, and the number of Honorary Members shall not exceed fifty. 

Article III. None but Follows, Sustaining Members and Active 
Members who have paid their dues up to and including the last fiscal 
year shall be entitled to vote or to hold office in the Academy. 

Article IV. The officers of the Academy shall be a President, as 
many Vice-Presidents as there are sections of the Academy, a Cor- 
responding Secretary, a llecording Secretary, a Treasurer, a Librarian, 
an Editor, six elected Councilors and one additional Councilor from 
each allied society or association. The annual election shall be held on 
the third Monday in December, or on some other day in December 
specifically dcagnated by vote of the Council, the officers then chosen 
to take office at the first meeting in January following. 

There shall also be elected at the same time a Finance Committee of 
three. 

Article V. The officers named in Article IV shall constitute a 
council, which shall be the executive body of the Academy with general 
control over its affairs, including the power to fill ad interim any 
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vacancies that ixiay occur in the offices. Past Presidents of the Acad- 
emy shall be ex-offido members of the Council. 

Aeticle VI. Societies organized for the study of any branch of 
science may become allied with The New York Academy of Sciences by 
consent of the Council. Members of allied societies may become Active 
Members of the Academy by paying the Academy’s annual fee, but as 
members of an allied society they shall be Affiliated Members with the 
rights and privileges of Student Members, except the receipt of its 
publications. Each allied society shall have the right to delegate one 
of its members, who is also an Active Member of the Academy, to the 
Council of the Academy, and such delegate shall have all the rights and 
privileges of other Councilors. 

Aeticle VII. The President and Vice-Presidents shall not bo 
eligible to more than one re-election until three years after retiring from 
office; the Secretaries and Treasurer shall be eligible to re-election with- 
out limitation. The]President, Vice-Presidents and Secretaries shall be 
Fellows. The terms of office of elected Councilors shall be three years, 
and these officers shall be so grouped that two, at least one of whom 
shall be a Fellow, shall be elected and two retired each year. Council- 
ors shall not be eligible to re-election until after the expiration of one 
year. 

Aeticle VIII. The election of officers shall be by ballot, and the 
candidates having the greatest number of votes shall be declared duly 
elected. 

Aeticle IX. Ten members, the majority of whom shall bo Fel- 
lows, shall form a quorum at any meeting of the Academy at which 
business is transacted. 

Aeticle X. The Academy shall establish by-kws, and may amend 
them from time to time as therein provided. 

Aeticle XI. This Constitution may bo amended by a vote of not 
less than three-fourths of the Fellows and three-fourths of the Active 
Members present and voting at a regular business meeting of the 
Academy, provided that such amendment shall be publicly submitted 
in writing at the preceding business meeting, and provided also that 
the Eecording Secretary shall send a notice of the proposed amendment 
at least ten days before the meeting, at which a vote shall be taken, to 
each Fellow and Active Member entitled to vote. 
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BY-LAWS 

As Adopted, October 6, 1902, and Amended at Subsequent Times 

Chapter I 
OFFICERS 

] . President. It shall be the duty of the President to preside at the 
business and special meetings of the Academy and also at the meetings 
of the Council. 

2. Vice-Presidents. In the absence of the President, the senior Vice- 
President, in order of Fellowship, shall act as the presiding officer. 

3. Corresponding Scretary. The Corresponding Secretary shall keep 
a corrected list of the Honorary and Corresponding Members, their 
titles and addresses, and shall conduct all correspondence appertaining 
to such membership. He shall make a report at the Annual Meeting. 

4. Recording Secretary. The Becording Secretary shall keep the 
minutes of the meetings of the Academy and of the Council; he shall 
have charge of all records of the Academy, and of its corporate seal, 
which ho shall affix and attest as directed by the Council; ho shall keep 
a corrected list of the Active Members and Fellows, and shall send to 
them announcements of the Meetings of the Academy; he shall notify 
all Members and Follows of their election, and members of committees 
of their appointment; ho shall notify the members of the Council of 
the dates of the meetings thereof; he shall lay before the Council at 
each meeting all matters which have come to his attention since the 
last meeting and which require the consideration of the Council. 

5. Treasurer. The Treasurer shall receive all membership fees and 
duos, all interest accruing and paid on the invested or other funds of 
the Academy, and contributions to the Treasury of the Academy from 
any other HOurc(*. All such moneys, as ri'ccivcd, shall bo deposited in 
Banks or Trust (Companies approved and designated by the Council as 
depositories, in the corporate name of the Academy and subject to the 
drafts of the Treasurer, as such. All bills and debts against the 
Academy shall bo paid by the Treasurer on the order of the Council 
for their discharge. 

The Treasurer shall report to the Council at each meeting thereof a 
statement of the current income and expenditures, and at the Annual 
Meeting, he shall report to the Academy the balance sheet of the funds 
and the income account for the preceding year. 

6. Librarian. The Librarian shall have charge of the library, under 
the general direction of the Library Committee of the Council, and 
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shall conduct all correspondence rcfapecting exchanges of the Academy. 
He shall make a report on the condition of the library at the Annual 
Meeting. 

7. Editor. The Editor shall have charge of the publications of the 
Academy, under the general direction of the Publication Committee of 
the Council. He shall make a report on the condition of the publica- 
tions at the Annual Meeting. 

CnAPTEE II 

COUNCIL 

1. Meetings. The Council shall hold meetings at such stated times 
as it may decide upon, or at the call of the President. The Council 
shall have general charge of the affairs of the Academy. 

2. Quorum. Five members of the Council shall constitute a q\io- 
rum. 

3. Officers. The President, Vice-Presidents and Recording Secre- 
tary of the Academy shall hold the same offices in the Couu<*il. 

4. Committees. The Standing Committees of the Council shall be: 
(1) an Executive Committee consisting of the President, Treasurer, 
and Recording Secretary; (2) Such other committees as from time to 
time shall be authorized by the Council. 

Chaptbb III 

FINANCE COMMITTEE 

The Finance Committee of the Academy shall audit the Annual 
Report of the Treasurer, and shall act with him in the recommendation 
to the Coimcil of investments of funds of the Academy. 

CllAPTEK IV 

ELECTIONS 

1. Sustaining, Active and Associate Members, (a) These Members 
shall be nominated in writing to the Council by at least two Members 
who arc qualified to do so by right of full membership privileges. If ap- 
proved by the Council, they may be elected at the succeeding business 
meeting. 

(b) Any Active Member who, having removed to a distance from the 
city of New York, shall nevertheless express a desire to retain his con- 
nection with the Academy, may be placed by vote of the Council on 
the list of Associate Members. Such members shall relinquish the full 
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privileges and obligations of Active Members, except the payment of 
an Associate Membe^rship fee. They may receive the publications, in 
accordance with the re(‘ommeiidation of the council. {Vide Chapters 
V and X.) 

2. Student Metnhers. Junior workers in science, connected as stu- 
dents, junior rcsear(*h workers, or junior instructors with scientific 
institutions in or near New York City, may be elected to Student 
Membership for a period of five years in the manner prescribed for 
Active Members. They shall not have the power to vote and shall not 
be eligible to eh'clion as Fellows, but may receive the publications in 
accordance with the recommendations of the Council. At any time 
subsequent to their election they may assume the full privileges of 
Active Members by paying the dues of such Members. 

3. Fellows, CorrciiporuliNg Members and Honorary Members, Nomi- 
nations for Fellows, ( Corresponding Members and Honorary Members 
may be made in wilting either to the Recording Secretary or to the 
Council at its meeting prior to the Annual Meeting. If approved by 
the Council, the nomiiTK^'s shall then be balloted for at the Annual 
Meeting. 

4. Officers, Nominations for Officers, with the exception of Vice- 
Presidents, may be sent in writing to the Recording Secretary, with the 
name of th() proposer, at any time not less than thirty days before the 
Annual Meeting. Each sc'ction of the Academy shall nominate a 
candidate for Vice-President, who, on election as such, shall be Chair- 
man of the section; the names of such nominees shall be sent to the 
Recording Secretary properly certified by the sectional secretaries, 
not less (ban thirty days before the Annual Meeting. The Council 
shall then prepau' a list which shall bo the regular ticket. This list 
shall be inaik'd to each Active Member and Fellow at least one week 
befor(‘ tin* Annual Me<*ting. But any Active Member or Fellow en- 
titled to vote* shall b(* enlitled to j)n*par(* and vote another ticket. 

CUAPTKU V 

DUES 

1. Dues. The annual dues of yustaining Members shall be $10, 
payable in advance at the time of the Annual Meeting. 

The annual dues of Active Members shall be $5, payable in advance 
at the time of the Annual Meeting. 

The annual dues of Student Members shall be $3, payable in ad- 
vance at the time of the Annual Meeting. 
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Non-resident Associate Members shall pay an annual fee of $3, so 
long as they are not entiiled lo the privileges of Active Membership. 
(Fide Chapter X.) 

2. Members in Arrears. If any Member whose diK's remain un- 
paid for more than one year, sliall nc'gleet or refuse to pay the sanu* 
within three months after notification by the Treasurer, his name may 
be erased from the rolls by vote of the Council. Upon payment of 
his arrears, however, such person may be restored to Membership or 
Fellowship by vote of the Council. 

3. Renewal of Membership. Any Active Member or Fellow who 
shall resign because of removal to a distance from t he eity of New York, 
or any Associate Member, may be restored by vote of the Council to 
Active Membership or Fellowship at any time upon application. 

Associate Members not previously Active Members of the Academy 
may become Active Members, when approved by the Council, upon 
payment of the regular Active Membership fee. 

Chapter VI 

PATRONS, DONORS AND LIFE MEMBERS 

1. Perrons. Any person contributing at one lime $1,000 to the 
general funds of the Academy shall be a Patron and, on election by 
the Council, shall enjoy all the privileges of an Active Member. 

2. Donors. Any person contributing $50 or more annually lo the 
general funds of the Academy shall bo termed a Donor and, on election 
by the Council, shall enjoy all the privileges of an Active M(‘mber. 

3. Life Merits. Any Member or Fellow contributing at one 
time $100 to the general funds of the Academy shall be a Life 
Member and shall thereafter be exempt from annual dues; and any 
Sustaining Member who has paid annual dues for twenty-five years or 
more may, upon his written request, be made a Life Member and be 
exempt from further payment of dues. 

Chapter VII 
SECTIONS 

1. Sections. Sections devoted to special branches of Science may 
be established or discontinued by the Academy on the recommendation 
of the Council. The present sections of the Academy are the Section of 
Biology, the Section of Geology and Mineralogy, the Section of An- 
thropology, the Section of Psychology, and the Section of Physics and 
Chemistry. 
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2. Organization. Each section of the Academy shall have a Chair- 
man and a Secretary, who shall have charge of the meetings of their 
Section. The regular (‘lection of the Secretary shall take place at the 
October or November meeting of the section and the Secretary-elect 
shall take office on the January first following. At the time of the 
election of the Sccietary the section shall nominate a candidate for 
Vice-President of the Academy, who, oxx election as such, shall become 
Chairman of th(‘ section. Vacancies in these offices shall be filled pro- 
temporc by vote of the section; a chairman so elected being thereby 
nominated to the Council of the Academy for election as a Vice-Presi- 
dent. 

3. Affiliation. Members of scientific societies affiliated with the 
Academy, and members of the Scientific Alliance, or men of science 
introduced by members of the Academy, may attend the meetings 
and present pai)ers under the general regulations of the Academy, 

ClIArTEH VIII 
MEEriNGS 

1 . Bunincsn Meetings. Business meetings of the Academy shall be 
held on the first Monday of each month from October to May inclusive. 

2. Sectional Meetings. Sectional meetings shall be held on Monday 
evenings from October to May inclusive, and at such other times as the 
Council may determine. The sectional meeting shall follow the busi- 
ness meeting when both occur on the same evening. 

3. A nnval M eeti ng. The Annual Meeting shall be held on the third 
Monday in December, or on some other day in December specifically 
designated by vote of the Council. 

4. Special Meetings. A special meeting may be called by the 
(Council, provid(*d one week’s notice be sent to each Active Member 
and Fellow, stating the object of such meeting. 

( hrAi*TKn IX 
OfiDEU OF BUSINESS 

1. Business Meetings. The following shall be the order of proce- 
dure at business meetings: 

1. Minutes of the previous business meeting. 

2. Report of the Council. 

3. Reports of Committees. 

4. Elections. 

5. Other business. 
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2. Sectional Meetings. The following shall he the order of proce- 
dure at sectional meetings: 

1. Minutes of the prewding meeting of tlie section. 

2. Presentation and discussion of papers. 

3. Other scientific business. 

3. Annual Meetings. The following shall he th(' (jrder of proce- 
dure at Annual Meetings: 

1. Annual reports of the Corresponding Secretary, Pecording 

Secretary, Treasurer, Librarian, and Editor. 

2. Election of Honorary Members, Corresponding Members, 

and Follows. 

3. Election of officers for the ensuing year. 

4. Address of the retiring President . 


Chaptek X 
PUBLICATIONS 

1. Piiblications. The established publications of the Academy shall 
be the Annals and the Memoirs. They shall be issued by the Editor 
under the supervision of the Committee on Publications. 

2. Distribution. One copy of the established publications shall b(‘ 
sent to each Benefactor, Patron, Donor, Life Member, Sustaining 
Member, Active Member and Fellow. 

3. Publication Fund. Contributions may be received for tin* publi- 
cation fund, and the income thereof shall be apjfiied toward (U'fraying 
the expenses of the sciemtifie publications of the Acad<‘my. 


CUAPTEU XI 

GENERAL PROVISIONS 

1. Debts. No debts shall be incurred on behalf of the Academy, un- 
less authorized by the Council. 

2. Bills. All bills submitted to the Council must b(> certified as to 
correctness by the officers incurring them. 

3. Investments. Funds in hand, arising from the maturity of exist- 
ing investments or from surplus income, shall be invested by the 
Council in first mortgage loans or real estate or in approved negotiable 
securities recommended by the Finance Committee in joint action with 
the Treasurer. 
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4. Permanent Fund. Contributions and fees received from Bene- 
factors, Donors and Life Members shall be credited to the Permanent 
Fund. 

5. Expulsion, etc. Any Member or Fellow may be censured, sus- 
pended or expelled for violation of the Constitution or By-Laws, or for 
any offence deemed sufficient, by a vote of thme-fourths of the Mem- 
bers and three-fourths of the Fellows present at any business meeting, 
provided such action shall have been recommended by the Council at 
a previous business meeting, and also, that one month’s notice of such 
recommendation and of the offence charged shall have been given the 
Member accused. 

6. Changes in By-Laws. No alteration shall be made in these By- 
Laws unless it shall have been submitted publicly in writing at a busi- 
ness meeting, shall have been entered on the Minutes with the names of 
the Mcmb('rs or Fellows proposing it, and shall be adopted by two- 
thirds of the Members and Fellows present and voting at a subsequent 
business meeting. 
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MEMBERSHIP 

OF 

THE NEW YORK ACADEMY OF SCIENCES 

Honorary Members 

May 15, 1939 

ELECTED 

1912 Frank Dawson Adams, Montreal, Canada 
1889 Charles Eug(^e Barrels, Lille, France 
1937 Orpen Bower, Glasgow, Scotland 

1901 Charles Vernon Boys, Andover, England 

1935 Sir William Henry Bragg, London, Englatid 

1936 Henri Brcuil, Paris, France 

1904 Waldcmar Christopher Brogger, Oslo, Norway 
1936 Robert Broom, Pretoria, South Africa 

1936 Maurice Caullery, Paris, France 

1937 Pierre Teilhard de Chardin, Peiping, China 

1938 Edwin Grant Conklin, Philadelphia, Pennsylvania 
1920 Gerhardt De Geer, Stockholm, Sweden 

1936 Octave Duboscq, Paris, France 
1879 Herman LeRoy Fairchild, Rochester, New Yoik 
1935 Clive Forster-Cooper, London, England 
1935 S. A. Fredericksson, Stockholm, Sweden 

1935 Edwin Stephen Goodrich, Oxford, England 

1936 Alfred Cort Haddon, Cambridge, England 

1938 Ross Granville Harrison, New Haven, Connecticut 
1936 Sir Arthur William Hill, Kew, Englaiid 
1935 G. L'son Horn, Stockholm, Sweden 

1935 Leland O. Howard, Washington, D. C. 

1936 Alex Hrdliika, Washington, D. C. 

1936 Julian S. Huxley, London, England 

1909 Antoine Francois Alfred LaCroix, Pans, I''r«nc(' 

1938 Irving Langmuir, Schenectady, New York 
1936 Karl Spencer Lashley, Cambridge, Massac^huselts 
1935 H. Lundborg, Stockholm, Sweden 
1874 Clinton Hart Merriam, Washington, D, C. 

1935 John Campbell Merriam, Washington, D. C. 

1935 Sir Peter Chalmers MitcheU, London, h^ngland 

1936 Kingo Miyabe, Sapporo, Japan 

1937 D. Obrutschew, Leningrad, Russia 

1937 Charles Palache, Cambridge, Massachusetts 
1900 George Howard Parker, Cambridge, Massachusetts 
1898 Friedrich Carl Albrecht Penck, Berlin, Germany 
1 936 Charles Pdrez, Paris, France 
1911 Edward Bagnall Poulton, Oxford, England 

1913 David Prain, Surrey, England 
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FLECTLD 

1898 William Borrymaii Scott, Princcion, New Jersey 

1 936 Albert Cliarloa Seward, London, England 

1937 TT. Sp(‘mann, Freiburg, Germany 
1935 Erik A. Stensio, Stockholm, Sweden 

1896 Joseph John Thomson, Cambridge, England 
1935 David Men'ditli Scares Watson, London, England 
1937 Franz Wcidimrcieh, Peiping, China 
1809 Sir Arthur Smith Woodward, Sussex, England 


Corresponding Members 

May 15, 1939 

1891 Jos<!^ G. Aguilera, Mexico City, Mexico 
1869 Francis lamest Engclhardt, Sirracuse, Now York 
1876 John Williams Langley, Cleveland, Oliio 
1891 Charles Hiborg Mann, Washington, D. C. 

1897 Francis Child Nicholas, New York, New York 
1803 James Park Thomson, Brisbane, Queensland, Australia 
187() Li'onard Waldo, New York, New York 


Active Members 

May 16, 1939 

Fellowship is indicated by an asterisk (*) before the name 


PATRON 
Roebling, John A. 

LIFE MEMBERS 

♦Allis, Edward Phelps, Jr., T.L.D., M.D. 
Anderson, A. A. 

Anderson, John A. 

♦Andrews, Roy C., Se.l). 

^Anthony, Harold E., Se.l). 

Anthony, R, A. 

‘'Armour, Allison, V., B.A. 

•Armstrong, Clairette P., Ph.D. 
‘Armstrong, S. T., Ph,I)., M.D. 

•'Ashby, George E. 

Auchincloss, Hugh D. 

Baldwin, William M. 

♦Barnhart, John H., M.D. 

♦Berkcy, Prof. Charles P., Ph.D., Sc.D. 
Billings, Elizabeth 
Bird, Henry 

Bliss, Rev. Charles B., Ph.D. 
’•Blumenthal, George 


♦Boas, Prof. Franz, Ph.D., M.D., LL.D., 
D.Sc. 

♦Byrnes, Esther F., Ph.D. 

♦Cattell, J. McKeen, Ph.D., LL.D,, 
Sc.D. 

♦Chapman, Frank M., Sc.D. 

Chaves, Jos6 E. 

Clark, F. Ambrose 
Cochran, Henry J., A.B. 

Constant, Victor S. 

Cooke, C. Montague, Jr., Ph.D. 
’•Coombs, Prof. Helen C., Ph.D. 
♦Crampton, Prof. Hcniy E., Ph.D., 
Sc.D. 

•'Curtis, Prof. Carlton C., Ph.D. 

♦Davis, William T. 

De Rubio, Lt. Col. H. A. C. 

Dickerson, Edward N. 

♦Dodge, Prof. Richard E., A.M. 

♦Dunn, Gano., E.E. 

Dunscombe, George Elsworth 
Ellis, Ralph 
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■^‘ElwyTi, Prof. Adolph, A.M. 

** Exmouth, Rt. lion. Viscount 
Field, W. B. Osgood 
•Finlay, Prof. George T., Ph.D. 

‘Frick, Childs 

'Grabau, Prof. Amadous W., Ph.D. 
•Gregory, Prof. William K., Ph.D. 
Griswold, F. Gray 
Harrah, Charles J. 

‘’^Haskins, Caryl P., Ph.D. 

Hay, Clarence L., A.M. 

•Hildburgh, Walter L., Ph.D. 

•Hubbard, Bela, Ph.D. 

"'Huntington, Archer M., Jjitt.D., LL.D. 
•Hussakof, Louis, Ph.D. 

Hyde, James H., A.M. 
lies, George, LL.D. 

Johnston, J. Herbert 
Kleinberger, Frantjois 
Lawton, James M. 

•■Lee, Prof. Frederic S., Ph.D., IjL.D, 
*Lieb, Prof. Charles C., M.D. 
McCulloch, Warren Sturgis, M.D. 
McKim, Orville Ernest, D.V.S. 
McLean, Mrs. James 
•Miner, Roy Waldo, Ph.D., Sc.D, 
“Mook, Prof. Charles C., Ph.D. 

Morgan, J. Pierpont, LL.D., D.C.C., 
D.C.L. 

Morgan, William Fellowes, E.M. 
•Nelson, Nels C., M.L. 

Notman, Mrs. Katharine II. 
■‘O'Connell, Daniel T., Ph.D. 

♦Ogilvic, Prof. Ida H., Pli.D. 

Osborn, Mrs. William Churcli 
•Osburn, Prof. Raymond C., Ph.D. 
Owen, Juliette A. 

Perkins, William H. 

•Pike, Prof. Frank H., Ph.D. 

Post, Abram S. 

•Prince, Prof. John D., Ph.D. 

Quigley, Leon V. 

'Reeds, Chester A., Ph.D. 

Rice, Hugh S. 

Roger, John 

•Rusby, Prof. Henry H., M.D., Sc.D. 
Ryle, Arthur 

■'Shapiro, Harry L., Ph.D. 

Sloan, Benson Bennett 


Sperling, Emile M. 

•Stefansson, Villijalniur, IjL.D., Ph.D, 
•^''ownsend, Cluirles H., Se.D. 
Vanderpoel, lOinily (\ Noyi'S 
Wind, (Jharlcs Willis 
Warner, Mrs. II. W. 

•Wilson, Prof. Margaret B , Ph 1). 
•Wissler, Prof. (Mark, Ph.D., LL.D. 
•Wood, Prof. Franeis CVt(*r, M.I). 
Wood, William C. 

“Woodhull, Prof. John F., IMi.D. 
‘•Woodworth, Prof. R. W., Ph.D. 

SUSTAINING MEMBERS 
Ahlfalrom, C. F. 

Akin, Charles V., M.D. 

Allen, Roy M. 

Ailing, Prof. Harold L., Ph.D. 
Altamura, Mario R., Sc.M. 

•Ames, Prof. Oakes, A.M. 

Armstrong, John Charles, Ph.D. 
•Asamuth, Rev. Joseph, Ph.D. 

Becket, Frederick Mark, Se.D., IjL.D. 
BcU, Gordon K., Jr. 

BcUer, William (X 
Betts, Wyllys Rosseti'r, Jr. 

•Blair, W. Reid, D.V.K., LL.D. 
Blumcnthal, Hugo 
Boldt, Prof. ITcrmann J., M.D. 

‘'Brcder, Cliailes M., Jr., Sc.D. 

HIrower, Prof. George E., M.D , LL.D., 
Se.D. 

HriekiK^r, Ri(‘hard M., M D. 

•Brill, A. A., M.D. 

Brooks, Mrs. ITiirlow 
‘Brown, Bariuiiu, Se.D. 

•Brown, Samuel A., M.D. 

Burbank, Reginald 
Burrow, Tngant, M.I)., Ph.D. 

♦Butler, Prof. Bertram T., Ph.D. 
Cantala, Julius, M.D. 

Carabba, Victor, M.D. 

♦Carhart, Grace M., A.M. 

•Chapin, James P., Ph.D. 

Childs, George Henshaw, Ph.D, 

•Clark, Prof. Clarence C., Ph.D. 

Clark, E. Mabel 
Clark, James L., D.Sc. 

Clarke, Prof. Hans T., D.Sc. 



ORGANIZATION OF NEW YORK ACADEMY OF SCIENCES 19 


ClayburRh, A. 

Copeland, Joseph J., Ph.D. 

^Coryell, Horace N., Ph.D. 

*^CoTui, Prof. Frank, M.D. 

Cowles, Prof, hklward SpcMieer, M.I). 
Coykendall, Frederick, C. 10. 

Cuthroll, Faith Haldwin 
♦Dahlgren, 13. K., M.D. 

‘•Davison, F. Trubee, LL.D. 

•■Dc Golycr, lOverette Lee, Sc.D. 
•^Ditmars, Raymond, LL.D. 

‘Doherty, Henry L., D.E. 

♦Dunning, Prof. William Bailey, D.D.S. 
♦Engelhardt, George P. 

♦Eno, William Phelps, M.A. 

♦Eppley, Marion, Ph.D. 

‘'Falk, Prof. K. George, Ph.D. 

♦Faunce, Wayne M., 13.S. 

♦Fisher, G. Clyde, Pli.D., LL.D. 
Fordrung, Prof. William J., M.D. 
♦Gager, C. Stuart, Ph.D., Sc.D., Pd.D. 
Gallatin, Albert 

♦Graham, Prof. Margaret A., Ph.D. 
♦Graves, Arthur II., Ph.D. 

“Grccnwald, Prof. Isidor, Ph.D. 

Gregory, Mrs. Angela Du Bois 
♦Griscom, Ludlow, A.M. 

♦Guggenheim, Hon. Simon, liL.D. 
Guggenheim, William 
♦Hagclstein, Robert 
♦Halsey, Prof. Robert H,, M.D. 

‘'Harper, Prof. R. A., Ph.D. 

♦Heilman, Prof. Milo, D.D.S., Sc.D. 
Henley, JOugene If., Ph.D. 

ITeucr, Prof. Geoige J., M.D., LL.D. 
Hewlett, Walter J. 

♦JUnck, Prof. C. F., Jr., Ph.D. 
Hirschfeld, Isador, D.D.S. 

Hoffman, Samud V., M.E. 

Holbein, William G. 

Holden, Prof. Frances, Ph.D. 

Hooven, C. W. 

Hunter, Fenley 

“Jobling, Prof. James W., M.D. 
♦Johnson, Prof. Duncan W., Ph.D., 
Sc.D. 

•‘•Johnson, Prof. H. Herbert, Ph.D. 
"Kem, Prof. Edward F., Ph.D. 

♦Kerr, Prof. Paul F., Ph.D. 


Kindle, Cecil IL, Ph.D. 

♦Krasnow, Frances, Ph.D. 

••Lambert, Samuel W., M.D., Sc.D. 
Lamson, Edna E., Ph.D. 

Lawton, Prof. Shailer, IT., M.D. 

♦Lorge, Irving, Ph.D. 

•'Maclnnes, Duncan A., Ph.D. 

Malcolm, Wilbur G., Ph.D. 
♦Manchester, James G. 

“Mannhardt, L. Alfred, M.S. 

Martin, Esmond B. 

♦Maxficld, Kathryn E., Ph.D. 

Maxwell, Francis T. 

♦Mclander, Prof. Axel Leonard, Sc.D. 
•'Meyerhoff, Prof. Howard A., Ph.D. 
♦Miller, Prof. Edgar G., Jr., Ph.D. 
Milliken, Seth Minot, M.D. 

Miner, lilunice Thomas 
Mitchell, Wendell, M.D. 

‘Montague, Joseph F., M.D. 

“Morrison, A. Cressy, M.R.I. 

“Murphy, Robert Cushman, D.Sc. 
♦Myers, Frank J. 

♦Naumbui-g, Elsie M. B. 

♦Noble, G. Kingsley, Ph.D. 

“Not man, Arthur, E. M. 

Osborn, Frederick, A.B. 

Osborn, William Church, LL.D. 
♦Osterhoul, W. J. V., Ph.D., Sc.D. 

Peck, Prof. Samuel M., M.D. 

♦Pegram, Prof. George B., Ph.D., Sc.D. 
Perry, O. B., E.M., LL.D. 

Philipp, P. B. 

Plaut, Edward, Ph.D. 

Pough, Frimcis II. 

Pyle, Norman J., M.D. 
♦Rautenstrauch, Prof. Walter, M.S., 
LL.D. 

Rice, Otis R. 

Rivers, Thomas M., M.D., Sc.D. 
Robbins, William J., Ph.D., Sc.D. 
“Rock, Prof. Robert T., Jr., Ph.D. 
Rosett, Prof. Joshua, M.D. 

Roth, Harry 
Russell, Charles, Ph.D. 

St. John, Prof. Fordyoe B., M.D., Sc.D. 
Salzer, Benjamin, M.D. 

Schaefer, Dean Hugo H., Phar.D,, 
Ph.D. 
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Schechler, Victor, Ph.D. 

■^Schwarz, Hci'bert F., A.M. 

^Scmkcn, George II., M.D. 

*Sherman, Jolm D., Jr. 

Smith, Isniabl 

Stark, Prof. Mary B,, Ph.D., Sc.D. 
Stokes, J. G. Phelps, M.D. 

Stroock, Joseph 

‘Stunkard, Pi*of. Horace W., Ph.D. 
Sweet, William O. 

•*Syz, Hans C., M.D. 

Taylor, Harden, Sc.D. 

■’Taylor, Norman 
Thorne, Samuel, LL.B. 

Tibbals, Samuel G. 

Walker, Miriam Dwight 
Wallerstoin, Leo 
Weber, Orlando F. 

’•Weinberger, Bernhard W., D.D.S, 
’•^Weiss, Harry B. 

■‘‘Wellnitz, Anna M., Ph.D. 

White, Amelia E. 

’AVhitlock, Herbert P., C.E. 
'•'Woodbridge, Prof, F. J. E., LL.D., 
Litt.D., D.Re.PoL 
Yoiung, Frederick Pentz, Jr., M.A. 
•’‘Zachry, Caroline B., Ph.D. 

Zellers, John A. 

Zucker, Mrs. Marion 0. 

ANNUAL ACTIVE MEMBERS 
Abbott, Theodore J., M.D. 

Abel, Theodora Mead, Ph.D. 
Abramson, Harold A., M.D. 
Ackermann, Edward A., Chora, K. 
Aekermann, Wolfgang, M.D. 

Adams, George F., M.A. 

Albee, Fred H., M.D., Sc.D., LL.D. 
Aldrich, H. R., Ph.D. 

Aldridge, Mrs. Virginia Downward, 
B.S. 

Alexander, Jerome, M.S. 

Allen, Alexander A., M.A., D.D.S. 
Allen, Willard M., M.D. 

*Anastasi, Anne, Ph.D. 

Andersen, Prof. Olaf, D.Sc. 
Applebaum, Prof. Edmimd, D.D.S, 
Appleby, Alfred N., M.S. 

Babcock, Harriet S. B., Ph.D. 


Bachman, Prof. George W., Ph.D. 
Bailey, Prof. Percy liaurance, Ph.D. 
Bakst, Aaron, Ph.D. 

Barron, Cioorge D. 

Barry, Piof. lYcdcrick, Ph.D. 

*Barion, Willium H„ M.S. 

Bauer, Johannes IT., hl.D. 

Beach, Frank A., Ph.D. 

Beam, Rachael 
Beardsley, Seymour W., M.A. 

Becker, Marie F. 

’•Beebe, William, Sc.D., LL.D. 

‘‘Bell, Ernest L. 

■“Benedict, Prof. Ruth, Ph.D. 

Bergmann, Max, Ph.D. 

Berman, Louis, M.D. 

Bernard, Pierre A. 

Bick, Edgar M., M.D. 

Biddle, Prof. Russell Lee, Ph.D. 

Bing, Richard J., M.D. 

Binkley, James Samuel, M.D. 

Bisch, Prof. Louis E., M.D., Ph.D. 
Blain, Prof. Alexander W., M.D. 
Blanchard, Prof. Kenneth C., Ph.D. 
Blau, Nathan F., Ph.D. 

Block, Richard J., Ph.D. 

Bodansky, Aaron, Ph.D. 

♦Bbdecker, Prof. Charles F., D.D.S. 
Bogert, Charles M., M.A. 

Booth, Verne H. 

“Bowen, Earl R., Ph.D. 

Boyden, Prof. Alan A., Ph.D. 

Boyers, Luther M. 

Brackmier, Gladys M. 

Brand, Albert R. 

BriU, Norman (J., M.D. 

Brinsmade, Charles L. 

Brod, Melvin D. 

Brody, Henry, M.D. 

Brown, Prof. Frederick W., A.M. 
■“Browne, Prof. William Ward, Ph.D. 
Bucky, Prof. Philip B., E.M. 

Bull, Titus, M.D. 

*Bullowa, Prof. Jesse G. M,, M.D. 
Burley, Robert Maxwell 
*Burr, Emily Thorp, Ph.D. 

Butler, Rear Admiral Charles St. John, 
M.D. 

Cannan, R. Keith, Sc.D. 
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Carpenter, Prof. Clarence H., Ph.D. 
Casperson, William C. 

Cat tell, Prof. MoKoen, Ph.D,, M.D. 
‘Cal tell, Ware 

Chaikelis, Alexander S., Ph.D. 

Cheney, IVof. Palph H., Sc.D. 

Chc&ire, FiCone K , S.M. 

•“Clapp, Frederick G., B.S. 

Clark, Prof. John R., Ph.D. 

Clarke, Walter V., M.A. 

Clausen, Lucy W., B.S. 

'Cohn, Alfred E., Ph.D. 

Cohn. Prof. Edwin J., Ph.D. 

Colbert, Edwin U., Ph.D. 

Condit, D. Dale., M.A. 

Connor, llo])ert T., Ph.D. 

““Courad, G. Miles, B.A. 

Conway, Catherine 
Cook, Prof. Sidney A., Ph.D. 

Cordia, ITortha M. 

Cowley, Pres. William FI., Ph.D., l.L.D. 
Craig, Flyman C., Ph.D, 

“Crandall, Lee S. 

Crosman, Aithur M., Ph.D. 

Crum, Ilai-iy E. 

Crunden, Allan B., Jr., M.D. 

Curphy, Theodore J,, M.D., C.M. 
Daghlian, Prof. G. K., Ph.D. 
DarkenwaJd, Gordon G., Ph.D. 
Darlington, Prof. Charles G., M.D. 
♦Darlington, Thomas, C. Ph, M.D., Lit t.D. 
Davidheiser, Prof. Jjeo Y., Ph.D. 
Davidson, David., Ph.D. 

♦Davidson, Helen P., Ph.D. 

Davis, May O^Coiinor 
Dawson, Prof. J. A., Ph.D. 
de Barenne, Prof. J. (}. D., M.D., M.A. 
do Bodo, Prof. Ilichard C., M.D. 
do lia Rochelle, Prof. Philippe, B, Ij. 
Delchamt)s, IF. J., B.IO. 

Diasio, Fortunate Anthony, M.D. 
♦Dodge, Bernard ()., Ph.D. 

Duffy, Prof. Elizabeth, Ph.D. 

Dunning, Wilhelmiua F., Ph.D. 
Duschak, Ernst Theodor, M.D. 
Duschak, Klara A., M.D. 

Du Vigneaud, Prof. Vincent, Ph.D. 
Edsall, Prof. John T., M.D. 

Egloff, Gxistav, Ph.D. 


Ehrmann, Martin L. 

♦Ellis, Brooks F., Ph.D. 

Erlanger, Gustav, M.D. 

Etkin, William, Ph.D. 

P’airchild, Johnson E., M.A. 
Feinbloom, William, Ph.D. 

Fishberg, Ella H., M.D. 

Flanagan, John C. 

♦Flinn, Prof. Frederick B., Ph.D. 

Fluhr, Thomas W. 

Foley, George E. 

Foster, Prof. Goodwin L., Ph.D. 

Frank, Karl G. 

“Frank, Lawrence K. 

Fremont-Smith, Frank, M.D. 

Fruton, Joseph S., Ph.D. 

■‘Fry, Henry J., Ph.D. 

’'Garrett, Prof. Henry E., Ph.D. 
Getchell, Donnie C., A.M. 

Gibson, Prof. Count D., C.E. 
♦Goettsch, Marianne, Ph.D. 

Gold, Harry, M.D. 

Greene, Marius B., M.D. 

Gregersen, Prof. Magnus I., Ph.D. 
Gregory, Joseph, Ph.D. 

♦Gregory, Prof. Louise H., Ph.D. 
Gresscr, Edward Bellamy, M.D., 
F.A.C.S. 

Guanella, Frances M., Ph.D. 
Gundersen, Alfred, Dr. de PUniv., 
Paris. 

Hadley, Prof. Charles E., Ph.D. 

Haig, Charles, Ph.D. 

♦Hall, Prof. Richard P., Ph.D, 

Ilalpern, Joseph, B.S. 

♦Hamly, Morris H., Ph.D. 

“Hartman, Prof. LcRoy L., D.D.S., 
Sc.D. 

Hawkins, Alfred C., Ph.D. 

♦llaycs, Mary H. S., Ph.D. 
Hoidclbcrger, Michael, Ph.D. 

Horbst, Robert M., Ph.D. 

“Horoy, William D., Ph.B. 

Hilberry, Prof. Horace van Norman 
Hill, John Eric, Ph.D. 

♦Hinsey, Prof. Joseph C., Ph.D. 
Btitchcock, Charles B., A.M. 

Holden, WlUiam Hall, M.D. 

Holmes, Frank J., A.M. 
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■‘Ilolzwa&ser, Prof. Florric, Ph.D. 
Hoopiiigamer, Prof. N. L., A.M. 
Horsfall, Frank, L. Jr., Ph.D. 

Horswell, Lawronco A. 

Hotchkiss, Rollin D., Ph.D. 

■•'Howard, Arthur D., PJi.D. 

Hughes, Mrs. Mina M. Edison 
Jacobson, Edmund, Ph.D., M.D. 
•Jenkins, Prof. Thomas N., Ph.D. 
Johnson, Prof. Joseph L., M.D., Ph.D. 
Johnston, William R., Ph.D. 

Jordan, William E., B.S. 

Kaplan, Emanuel B., M.D. 

Karelitz, Prof. George B., M.E. 
JCaufmann, Jacob, M.D. 

Kempf, Edward J-, M.D. 

Killian, Prof. John A., Ph.D. 

Kinder, Elaine F., Ph.D. 

King, Prof. Cecil V., Ph.D. 

Koller, Carl, M.D. 

Kovar, Katherine E. 

Kuchler, Frances W. 

Kuhn, Arthur K., Ph.D, 

Kuhn, Harry A., M.S. 

LaForge, Prof. Laurence, Ph.D. 
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INTRODUCTION 

The literature of vertebrate morpholof 2 ;y and paleontology is 
crowded with papers on the vertebral column. Most of those, how- 
ever, are purely descriptive of the verlebrac in dilTeront individual 
forms. A few workers, e, g,, (Jopo (1888: 243), Watson (1919: 58, 59), 
and Williston (1925: 90), have traced the evolution of the vt'rtcbrac 
in one or two different classes, but Gadow (1933) is practically the 
only one who has followed the evolution of th(‘ vertebrae ihroiighout 
the Vevtebrata. The different types of vertebrae pn'sent in various 
representative forms arc illustrated in the form of a chart (FKiUiiE 1). 

With respect to the muscles the situation is similar, since most 
investigators have been content to describe them in individual or 
type forms without paying much attention to their evolution. There 
arc, however, some notable exceptions, chief among which are Adams 
(1919: 51), on the phylogeny of the jaw muscles of vertebrates, Huber 
(1930: 133, 389), on the evolution of the facial muscles, Howell (1933: 
247), on the morphogenesis of the girdle and limb muscles, and Elftman 
(1929: 189), on the pelvic musculature of marsupials. Most of the 
myological work has been on the limb musculature, Vallois (1922: 1) 
and Nishi (1919: 692) being among the f(‘w who have worked on th(‘ 
axial musculature primarily. Both, however, confin(‘d their attcuition 
to receni forms, th(‘ former including fish in his work, whili' llu' latt(*r 
limit ( hI himself to tot ra pods, exclusive of birds. 

KSevcral authors, most of them in this country, hav(' studicMl tlu' 
probable condition of muscles in fossil forms and have attemi)t('d to 
restore them. One of the first to attempt this was Gregory, who, with 
Camp (1918: 450), restored the pectoral and pelvic muscles of Cyno- 
gTiathiis. Gregory (1929: 703) has also restored the muscles of the 
Titanotheres. Later workers include Miner (1925: 145), who restored 
the limb muscles of Eryops, and Homer (1922: 519), who has done the 
same for the girdle and limb muscles of several fossil reptiles and am- 
phibians. Olson (1936: 266), however, appears to be the only one who 
has attempted restoration of the epaxial musculature and he limited 
himself to recent and fossil amphibians and reptiles. Little of this 
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Figubc 1. ICvolution of voi-lebral types. 1. Bhipidistia (after Gregory» Rockwell, and 
Evans). 2 Emboloirion (after Broom). 3. Bhachitomi (after Rockwell. Evans, and Pheas- 
ant). 4. Steroospondyli (from Bolk, Gopport, et al after Remane). 5. Lepospondyli (ftom 
Gadow, after Fritsch). 6. Cotylosauria (from Romer). 7. Squaraata. 8. Raptores. 9. 
Carnivora. 10, Phyllospondyli (after Whittard). 11. Caudata. 12. Salientia. 
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work has stressed a functional viewpoint. With the exception of 
Elftman’s (1929: 89) work, practically the only airalysia of the me- 
chanics of bones and muaclos has boon made by orthopedic surgeons 
on the human subject and in laboratory guides for such well known 
ani mal s as the cat. Some work has also been done by veteiinaiians 
on domestic animals, such as the horse and the cow. 

D’Arcy Thompson (1917: 675), in his book “On Growth and Form,” 
points out that the skeleton of an animal gives only half the pictm’c 
and that, in order to have a complete understanding of how it func- 
tions in life, the associated muscles and ligaments must also be con- 
sidered. It has been known for some time that the shape of bones is 
influenced by the attached muscles and ligaments and that shape of the 
former furnishes clews to the condition of the latter. It is known also 
that a knowledge of both the bones and their associated muscles and 
ligaments makes possible deductions concerning the functions of the 
part in question during life of the animal. 

Therefore, at the suggestion of Dr. Gregory, I undertook a study of 
the morphology and functional evolution of the atlas-axis complex. 
This complex was chosen because it is the most specialized part of the 
vertebral column in amniotes and one on which little previous work, 
from an evolutionary and functional viewpoint, has been done. 


MATERIALS AND METHODS 

The specimens used in this study are contained in the collections of 
recent and fossil vertebrates in the American Museum of Natural 
History, New York City. The method employed was first to dissect 
and study the morphology and function of the atlas-axis complex in 
typical recent representatives of each class of vertebrates. S('condly, 
type fossil forms illustrating a morphological evolutionary series wore 
selected, and a morphological and functional analysis of the complex, 
based on comparisons with recent representatives of each class, was 
made. 

The types chosen for this study are: among the recent Amphibia, 

(I) Cryptohranchus, representing the Caudata, (2) liana, a tyincal 
salientian; of the fossil Amphibia, (3) Eryops, a rhachitomc, (4) a 
typical embolomere, (5) Meloposaurus, a stereospondyle; of the recent 
reptiles, (6) Iguana, a lizard, (7) Spkenodon, the most primitive 
living reptile; of the fossil reptiles, (8) Diadedes, a cotylosaur, (9) 
Dimetrodon, a theromorph, and (10) a cynodont; of the mamm als, 

(II) the opossum (DiefeZpAis), (12) the cat (FcKs), and (13) man {Homo). 
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ABBREVIATIONS 

Muscles 


add. mand. — adductor mandibulao 
cerv. cap. — ilio-costalis corvico- 
capitis 

intersp. — ^intorspiiialiH 
intertrans. —intortransversarii 
levator inx. — elevator maxillae 
1. cerv. — ^longissimus cervicis 
longus atlantis 
longus cap.— longus capitis 
longiss. cap. — ^longissiuus capitis 
obliq. cap. infer. — obliquus capitis 
inferior 

obliq. cap. mag. — obliquus capitis mag- 
n\is 

obliq. cap. sup. — obliquus capitis sup- 
erior 

rect. cap. ant. — ^rectus capitis anterior 
root. cap. ant. niaj. — ^rectus capitis 
antoi'ior major 

rect. cap. ant. min.— rectus capitis 
anterior minor 


rect. cap. lat. — ^rectus capitis lateralis 
rect. cap. post. — ^rectus capitis poster- 
ior 

rect. cap. post. maj. — ^rectus capitis 
posterior major 

rect. cap. post. min. — ^rectus capitis 
posterior minor 

rect. cap. post. prof. — ^rectus capitis 
posterior profundus 
rect. cap. post, superfic. — ^I’ectus capitis 
posterior superficialis 
scalenus ant. — scalenus anterior 
semisp. — semispinalis 
semisp. cap. — semispinalis capitis 
semisp. cerv. — semispinalis cervicis 
sp. — spinalis 
sp. cap. — spinalis capitis 
sp, cerv. — spinalis cervicis 
splenius cap. — splcnius capitis 
transver, cap. — transversalis capitis 
trans. cerv. — transversalis cervicis 


boc. — basi occipital 

dso. — dermosupraoccipit al 

exoc. — oxoccipital 

fr. — ^frontal 

ic. — ^intercentrum 

mx. — ^maxilla 

na. — ^nasal 

pa. — ^parietal 

pf. — ^prefrontal 


Bones 

pic. — ^pleuroccntrum 
pmx. — ^premaxilla 
ptg. — ^pterygoid 
pto. — ^prootic 
qu. — quadrate 
soc. — supraoccipital 
sq.— squamosal 
tab. — ^tabular 
tym. — ^tympanic 
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MORPHOLOGY AND FUNCTION OF THE ATLAS-AXIS 
COMPLEX IN FISH 

Tho eci vical rcgioji or iio<*k of an aiiiinal coulaiiis no oxtoision of Iho 
coelom and typically is that pait between the skull and the p('cloral 
girdle. It hrsl appeals in tetiapods, and in typical siib-tctiapods thcic 
is no specialization of cither the vertebrae or the muscles in this region 
to difierentiate it as a neck. 

While we aie concerned chiefly wth the modifications of the fiist 
two vcrtcbiae, as we go up the veitebiate scale tho muscles must bo 
considered in order to understand how these veitebiae functioned in 
life. Of course only the bones are piesci-ved in fossil forms, but their 
size and shape and a knowledge of the conditions in modcun forms 
give a good idea of what the neck muscles were probably like. 

In recent forms tho cervical muscles belong to the axial group 
extending along the dorso-lateral surface on either side of the veitebral 
column. They are voluntaiy, stiiated, segmental muscles that aiise 
from the mctameric somites of the embryo. In the lower veitcbiates 
they arc divided by a horizontal septum into an upper (epaxial) and 
a lower (hypaxial) portion, and extend without interruption from the 
occiput to the end of the tail. 

Throughout the vertebrates, these muscles arc inneivated by the 
spinal noives, the epaxial division being supplied by the dorsal ramus 
and tho hypaxial division by the ventral ramus of the neivo for that 
segment. Consequently, the question of muscle homology based on 
innervation is not such a problem in dealing with these muscles as it is 
with othcis, since a particular muscle can be moved a few segments 
up or down the axis of an animal without changing its homology. 

Petromyzon (piguiie 2, A), one of the most primitive living veile- 
biates, shows the primitive condition of the trunk muschis. Here 
there are no epaxial and hypaxial divisions, but the entire muscle mass 
is divided by septa into a number of myomeres. These myomeres 
correspond in number to the vertebral elements and extend uninter- 
ruptedly throughout the length of the animal. The septa, only slightly 
bent, give the body the appeal ance of being composed of a scries of 
muscle bands or hoops. The parallel muscle fibers extend horizontally 
between successive septa which are attached to the insignificant cartila- 
ginous neural arch rods, since no centra or ribs arc present. The 
animal swims by wriggling movements of the body produced by 
alternate waves of contraction in the axial muscles. 

In the primitive gnathostomes, represented hySgualas (figtjee 2,B), 
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cones, so that in a cross section of the body several septa and myo- 
meres are visible. The W-shaped arrarifteinent of the septa is of 
fundamental importance for locomotion and enables tlu* shark to be a 
fast, active swimmer. As Greene and Gre(>n(* (IttH; 30) have shown 
in the King Salmon, this arrangement gives the septum the elh'ct of a 
tendon, so that the force of a contraction of a myomere is distributed 
over several segments. The folded arrangement puts the muscle 
fibers in the best mechanical position to expend their force of contrac- 
tion in a more direct pull on the septum and axial skeleton than would 
be possible if the septum were a simple vertical plate at right angles 
to the axis of the body. 

These modifications are carried to even greater extent in the bony 
fishes, where the septa become more sharply folded and the myomeres 
overlap each other more extensively than in the elasmobranchs. By 
this time there are well ossified centra, neural arches and spines, and 
ribs to serve as bases for attachment of the septa. There is still no 
definitive neck and the segmental trunk muscles are attached to the 
back of the skull without a break in their continuity. In Mycteroperca 
(figure 2, C), these muscles extend over the top of the skull to a posi- 
tion between the eyes. In the gill region the epaxial musculature is 
redueed in volume by the presence of the branchiomeric muscles. 

The vertebrae in bony fish generally consist of a well developed 
bony centrum, the ossification of which extends over the neural and 
haemal arches so that they are continuous with it. These vertebrae are 
usually amphicoelous and strongly constrict the notochord. Typically, 
there is nothing approaching an atlas-axis complex and Iho first two 
vertebrae usually differ from those behind them only in lieing a little 
shorter. 

According to Ford (1937: the anterior end of the spine in bony 
fish is modified to perform the functions taken over by I be atlas-axis 
in the higher vertebrates. There is much specific variation but 
normally these functions — attachment of the skull to the spinal column 
and provision of an axis on which the head moves — are performed by 
the first few vertebrae or sometimes by just the first one. 

The height of the spinous processes varies in different fish but in 
typical bony fish there are long, curved pleural ribs. All this is cor- 
related with the great mass of the axial musculature which, as noted 
above, is well developed and is the chief locomotor organ of the animal. 

In the active, free-swimming forms the skull is usually high and 
rather narrow, whereas in the less active, bottom-living forms it tends 
to be broad and flattened. 
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MORPHOLOGY AND FUNCTION OF THE ATLAS-AXIS 
COMPLEX IN LOWER TETRAPODS 

Amphibia 

The rise of th(' loirapods is associated with the appearance of a 
definitive nc'ck and of an atlas-axis complex, both of which are absent 
in fish. The appearance' of the ne(*k was caused by the separation of 
the pectoral girdle' from the skull and its subsequent posterior migra- 
tion. This occiiiTed independently in the sharks without any special 
modification of either the verte'bral column or the axial muscles, to 
differentiate this rc'gion as a neck. 

The atlas-axis arose as an adaptation to permit greater mobility 
of the head on the spinal column and first appeared as a simple struc- 
ture quite diff(‘r(‘nt from the specialized mechanism seen in mammals. 

CRYPTOBRANCHUS 

Since an undc'rstanding of the atlas-axis complex of recent forms is 
a prerequisite' to a comparative study of the complex in fossil forms, the 
present survey may b<' begun with the atlas-axis of Cryplobranchus, a 
modern representative of tlie Amphibia, the oldest and most primitive 
class of tetrapods. 

Cryptohranchus (fkjurk 3, B) has a broad flat skull with two well 
dev('loped exoccipital condyles, which arc quite mdcly separated as 
there is no basoccipital bone between them. The broad articular 
surfaces of the condyU's are flat ovals that face slightly inward. Be- 
tween them and bi'ueath the foramen magnum is a well marked pit 
which n'CC'ives tin* odontoid })r()cess of the first vertebra. 

The vertebrae', wiiich have also shared in this flattening process, 
possess broad neural arelu's witii truncate spines which are tiiangular 
in dorsal vi(‘W. Th(‘ wc'll devc'lopc'd liansverse [)rocess(‘s articulate with 
short ro<l-lik(' ribs. Tlu' iK'ural arches are fusc'd with the centra. 

The neck is v(‘ry short and th('r(' is only oik' true ('('rvical vertebra 
(piGCJUK 3, A). 'J^his first vert<'bra, which servc's the purpose of the 
first two in ainniotes, has on the eianial surface two articular facets 
with an odontoid process between them. The facets are broad flat 
ovals articulating with the occipital condyles, while, as noted above, 
the odontoid proc(‘ss fits into the depression below the foramen mag- 
num. The spinous procc'ss is shorter and broader antero-posterioiiy 
than that of the succei'ding vertebrae, and thc'H' are well developed 
postzygapophyses s<'t at a small angle above the horizontal. The atlas 
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JPiouBs 3. Cryptobranchus, A First two vertebrae, fiJiowmg origins of occipital muscles. 
B. Occipital view of bkull, showing insertions of epaidal muscles. O, Epazlal muscles. 
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differs from all the other prcsacral vertebrae in lacking transverse 
processes and libs. 

The second vertebra is very similar to the suceeeding prcsaeral 
vertebrae and like them bears a truncate spinous process, well devel- 
oped zygapophyses set at a small angle above the horizontal, and short 
distally expanded transverse processes articulating with short rod-like 
ribs. Like the fimt vertebra, it is a little shorter than the other pre- 
sacral vertebrae. 

The occipito-vertcbral joint dcsciibed above allows flexion and 
extension of the head on the spinal column. There is also rotation 
about the odontoid process but practically no lateral movement. The 
range of movement is limited by the joint capsules, by the spinal 
ligaments, and by the action of antagonistic mu.scles. 

The articulations of the second vertebra with the first and third 
allow lateral movements but no flexion, extension, or rotation. 

Here we have a suggestion of that division of labor in the first two 
vertebrae which is carried to its extreme stage in mammals. Never- 
theless, the atlas of Cryptobranchus is not as specialized as that of the 
higher amniotes, since it is not ring-shaped and does not rotate about 
the second vertebra. Consequently, the rotation of the head occurs 
at the joint between the skull and the first vertebra, whereas in the 
higher amniotes it occurs at the joint between the first and second 
vertebrae. 

The simple, dedifferentiated condition of the vertebral column and 
ribs to form a string of secondary pol 3 dsomeres is reflected in the 
simplified epaxial musculature (figtjre 3, C), which consists of a 
series of myomeres extending from the head to the end of the tail. 
Since Cryptolrranchm is a sluggish form, these myomeres are band-like 
and not liighly folded as in an active fish. 

The general epaxial muscle mass, the sacro-spinalis, is not differen- 
tiated into longitudinal muscles and is entirely metameric. The muscle 
fibers extending between successive neural spines and transverse proc- 
esses have been designated as the interspinous and the intertransver- 
sarii, respectively. The trunk musculature extends uninterruptedly 
into the neck region and is inserted on the occiput as the longissimus 
capitis. The deeper fibers, running obliquely from the first spinous 
process to the occiput, form the rectus capitis posterior. 

The almost horizontal position of the zygapophyses throughout the 
vertebral column allows good lateral movement but extremely little, 
if any, flexion and extension and no rotation. 

The sacro-spinalis muscles bend the body laterally while the longis- 
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siniu« capitis and the rectus capitis posterior extend and rotate the 
head. The head can also bo turned to the side by bending the whole 
anterior end of the body. 

The action of the epaxial imisck^s is opposed by that of the subvert e- 
bral musculature, which runs along th(' ventral surface of the spinal 
column from the head to the tail. These' muscles are inserted on the 
base of the skull and arise from the centra, those of the opposite sides, 
in the latter case, being separated by a median ventral keel. These 
niuseles are the flexors of the spinal column, and the part inserted on 
the skull flexes the head, 

RANA 

The skull of the frog is also very flat and is even more fenestrated 
than that of Cryptobranchus. In occipital view (FiaxiiiE 4, B) the 
region above the foramen magnum slopes forward and the occipital 
condyles arc well developed and widely separated. The condyles are 
formed from the exoccipital bones and have convex articular surfaces. 

There is only one tme cervical vertebra (figuee 4, A), which differs 
from the succeeding ones in lacking the transverse processes and in 
having on the cranial surface two concave articular facc'ts for the 
occipital condyles. The odontoid process between these facets is 
reduced in size and the entire vertebra is much wider cranially than 
caudally. The spinous process is low but longitudinally elongated so 
that it is much longer than that of any succeeding vertebra. Pre- 
zygapophyses are absent but obliquely placed postzygapophyses are 
present. 

This type of occipito-vertcbral joint allows flexion, extension, and 
some lateral and rotational movement. None of these movements, 
however, has a very great range. Flexion is restirictcd by the cranio- 
ventral projection from the atlas, while the widely separated, convex 
occipital condyles allow only slight lateral and rotational movc'inonts. 
Extension is limited by contact of the skull with the atlas. 

The Saliontia have apparently always been more specialized than 
the Caudata, as is shown by the vertebral column which has only nine 
free vertebrae, the smallest number in any known vertebrate. As a 
result of this extreme shortness, movements of the spinal column are 
very limited. The zygapophyses are flat and practically horizontal in 
position. The transverse processes are long straight rods, which in 
orne species represent a fusion with the ribs. 

This more specialized condition of the spinal column is reflected in 
the epaxial musculature, which is also more highly differentiated than 
in Cryptobranchus. Here it shows a tendency to be divided into a 
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Fiourig 4 Rana A. First t^o vertebrae, diowiog origins of occipital mu&des B. Oc- 
cipital view of skull, showing insertions of ocdpitJj musclea C. Epaxial muscles 
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longitudinal lateral mass, the ilio-hunbaris, and a medial part, Ihc 
loiigissimus dorsi (figure 1, C), The opaxial musculature is divided 
by septa into the same number of myoiueres as th(ue an^ vert (‘brae, but 
the myouK'res are not all similar as they are in Cryptobranchus. 

In the cervical region the muscles are more specialized than in 
CryptobranchifSf in that an obliquus capitis superior and a rectus 
capitis lateralis arc present. These muscles run between the first 
transverse process and the occiput and are in series with the intcr- 
t ransversarii muscles. The obliquus capitis superior (figure 4, B) is 
inserted on the fronto-parietal; the rectus capitis latc'ralis, on the 
ventral surface of the exoccipital. 

Some flexion and extension is possible in th(‘ anterior part of the 
column but all movements arc very slight. 

ERYOPS 

The condition of the atlas-axis in the fossil Ain])hibia may now be 
considered. The primitive embolomcics, which first app(‘ared in the 
Devonian, probably had an atlas-axis but it has not be(‘U found. 
However, a sound basis for its restoration is afforded by the complex 
in the rhachitomous Amphibia of the Permian, their direct descendants. 
One of the best known genera of these Permian rhachitomes is Eryopa 
(figure 5), of which the American Museum has several specimens of 
the skull and one of the anterior part of the vertebral column. 

Comparison of the occipital region of the skull of Eryopa (figure 
6, C) with that of Cryptobranchus (figure 3) shows that fundamen- 
tally the two arc very similar, although Eryopa shows only the initial 
stages in flattening of the lu'ad. In both, the supraoccipilal region 
slopes forward, inu<‘h more so in CIryptobrarfchufi than in Eryopa^ and 
both have large oval exoc(*ipital condyles with flat articular surfaces 
fa<‘ing downward and inward. Eryopfij however, r(‘tains th(‘ basio<*- 
cipital bone as a small ventro-median part of the coudyU', which is 
actually tiipartite. The basioccipital bone has been lost in tlic 
modem amphibians. Both forms have a depression below the fora- 
men magnum but it is quite shallow in Eryopa. The retention in 
Eryops of an ossified basioccipital may be, according to Gadow (1933: 
67), correlated with the retention of the hypoglossal as a cranial nerve, 
a condition not found in modem amphibians. 

The neural arch of the atlas in Eryops is well developed and has a bi- 
fid spinous process which is inclined backward so as to grasp the neural 
spine of the axis between its forks (figure 5, A). On the cranial 
surface of the arch arc two little nubbins of bone, one on each side, 
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which represent the remains of the proatlas. This was probably bet- 
ter developed than in any living forms (e. g., Sphenodon and crocodiles), 
and articulated with two small facets on either side of the foramen 
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FiQtriiL, 6 Eryops A. Atlas-axis, showing origins of ocapital muscles and fiont view of 
atlas B Bestoration of occipital and subvortebral muscles O. Occipital view of skull, 
showing mbortions of opaxial, occipital and cervical muscles. Modified ftom Olson (semi* 
diagrammatic). 
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niagimm. According to (ioodri(di (lOHO: 08), a proatlaH has olso boon 
recorded in many Cotylosanria, Thoromorplia, Hhyncliocophalia, and 
Dinosauria. The above is Uic usual type of rha(*hiioinous atlas neural 
arch. A similar condiiion has boon described in Trimcrorhachis and 
Trematops by C^asc' (1911: lOS, 134), and in Cacopti by Williston (1910; 
203). 

The centrum of the atlas (first intorcentrum) is not ])nwrvod in the 
museum specimen but it has been figured in place by Branson (1905: 
607, fig. 19) as crescentic in shape and fairly large, although smaller 
than the second intercentrum. It was not fused with the neural arch 
of the atlas as in Cacops but was doubtless firmly sutured to it, inas- 
much as the heavy, massive head would require a strong, firmly united 
first vertebra for articulation. The cranial surfa(*e niust have had 
large flat oval facets for artictilation with the occipital con<lyles. 
This centrum w^as probably similar to that of Cryptobranchufi, since 
the occiputs of the two arc so similar, and probably, like il, liad an 
odontoid process that fitted into the depression below the foramen 
magnum. In Eryops this process would have articulated with the 
basioccipital bone. 

The bases of the neural arches of the atlas and the axis arc quite 
close together so that the plcuroccntrum, if present, must have been 
small. 

The axis shows the typical rha(‘hitomous components and is char- 
acterized chiefly by its expanded spinous proc(‘Hs, which is wedged 
between the forks of the neural spine of the atlas. The transverse 
processes, in contrast to those of the athis, are well developed and 
articulate with single-headed ribs. The post74yga])ophyscs arc well 
developed but the prezygapophyses arc small, to coincide with post- 
zygapophyscs of the atlas. 

Functionally Eryops was practically l)icondyli(^ llu' widely sepa- 
rated, flat exoccipital condyhvs prev(uit('d lateral movement of the 
head on the vertebral column. Borne rotation of th(» head about th(^ 
odontoid process, similar to that occurring in Cryptdbranchm^ may 
have been possible, depending on how tightly the proatlas articulated 
with the skull and the atlas. Flexion and extension were also possible 
at the occipito-vcrtebral joint. The range of extension would depend 
on the proatlas articulation and the elasticity of the joint capsules, 
but in any case it would be quite limited since the proatlas would act 
as a wedge or brace between the occiput and the atlas. The range of 
flexion would also be limited by the closeness of the proatlas articula- 
tion with the skull and the atlas and by the elasticity of the joint 
capsules and membranes between the skull and the atlas. 
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The entire occipiio-vertcbral join! was quite stiff and closely articu- 
lated to support the heavy head. The neck was short, containing only 
three or four vertebrae, and the head was probably moved chiefly by 
the cervical mus(‘les acting on the entire neck. 

Lateral movement or rotation at the atlanto-axial joint was practi- 
cally impossibly in Eryops, because the neural spine of the axis is 
firmly held between the forks of the spinous process of the atlas. 
There may have been a very slight amount of flexion and extension at 
this joint, depending on how tightly the spinous process of the atlas 
clasped that of the axis. 

The postzygapophyses of the axis are at about a 40° angle from the 
horizontal, which would allow lateral motion, rotation about an oblique 
axis, and some flexion and extension at the joint between the axis and 
the third cervical vertebra. Extension could not have been very 
great due to the close proximity of the neural spines of these vertebrae, 
which would soon touch each other. 

The above movements were produced by the action of the occipital 
and cervical muscles, which have been restored by Olson (1936: 273, 
285, 299) and arc summarized, according to function, in the following 
table. 

Table 1 

Occipital ani> Cervical Muscles in Primitive Amphibia 
Extension of Head and Neck 


muscle 
Rect. Cap. Post. 


Sp. & Semisp. Cap. 
Sp. & Rcixiiap. Cerv. 


ORIGIN INSERTION 

Dorso-eranial oxtrcmily of Supraoccipital region of 
the spinous process of the the skull 
axis 

Spinous proccssoH of all the Dcrmo&upraoccipital 
corcivals except the first 

Fleshy from the Sp. dorsi S])inous processes of the 
2nd and 3rd vertebrae 


Rotation and Lateral Turning of Head and Neck 
MUSCLE ORIGIN INSERTION 

Longiss. Cerv. & Cap. Longiss. dorsi and ccrvi- Occiput and atlas 

cal ribs 

Tlio-cost. Cerv. & Cap. Ilio-cost. dorsi Cervical ribs and opistho- 

tic 


An interspinatus and a supraspinatus ligament were probably 
present, as in most modern forms, and undoubtedly aided greatly in 
supporting the head and spine. Movements of the head were pro- 
duced by the occipital muscles (figure 5, B). The ventro-lateral 
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surfaces of the intercenirii are eoneave and hav(' a fairly distiiuit 
median keel, indiealiiij!; tlu' pn'sence of a w(‘ll developed subvert el )ral 
imiseulature. This nnis(*ulatur(s as in niod<'rn salamanders, ])rohably 
rail the lciij 2 ;lh of the vertebral eohiinn and was inserled on (lu‘ inter- 
centra and on tlie veniral surface of the transverse proc<\sses and the 
occiput. These muscles were the flexors of the spinal column and 
head, opposing the action of the dorsal extensors. 

EMBOLOMERI 

Our knowledge of the morphology and function of the atlas-axis in 
Eryops furnishos a good working basis for analysis of the complex in 
the primitive ancestral amphibian, which was probably an embolo- 
more or closely related type. 

Watson (1926: 189) has described and figured the skull of several 
einbolomeres which show the condition in the most primitive known 
Amphibia. Here the skull, instead of being flatteiu'd as in liryopH and 
tending toward the extreme' flat type of the modern amphibians, is 
high and almost rectangular in occipital view. The occiput was more 
primitive than in Eryops, in view of the large, well ossified basioccipital 
bone bearing a single well developed condyle. The latter was circular 
with a concave articular face and the exoccipital bones look little part 
in its formation. These articulated with the Ruprao(*cipital, and in 
Orihosaurus their caudal surface had an articular facet borne on a low 
projection. This facet probably articulated with a proatlas, since it 
occupies about the same position as the one in Eryops that is supposed 
to have arti(Julatod with the proaflas. The hypoglossal nerve was 
included within the skull and emerged through a foramc'n in the 
exoccipital. 

Unfortunately the first few vertebrae of these forms have not been 
well enough preserved to disclose much of their structur('. Ilowevc'r, 
from what is known about the atlas-axis of Eryops and of, her rhaehi- 
tomes, the primitive cmbolomcrc atlas-axis must have be(‘n somewhat 
as follows: the atlas neural arch (FiGums 6) was probably less inclined 
posteriorly than in Eryops and was only slightly forked, so that it just 
grasped the cranial edge of the spinous process of the axis. Its cranial 
surface probably articulated with a proatlas as in Eryops and Spheno- 
don. 

The presence of a proatlas in Sphenodon, the most primitive living 
reptile, is doubtless an ancient character inherited from its amphibian 
ancestors. This structure is found in the primitive theromorph 
reptiles and, as already noted, was probably present also in the 
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rhachitomous amphibians. All this evidence therefore indicates its 
probable presence in the primitive ancestral embolomere. 

Below, as in other regions of the embolomere vertebral column, the 
neural arch articulated with both the anterior intercentrum and the 
posterior plcurocentrum. The latter, as figured by Watson (1926: 
228) in EogyrinuSy was probably the larger and formed the chief sup- 
port for the neural arch of the atlas. These centra were notochordal 
and amphicoelous. The cranial face of the first intercentrum probably 
had an articular surface for the occipital condyle. 

The axis was probably little, if any, different from the succeeding 
vertebrae and showed only a slightly expanded neural spine. There 



FiGtmn 6. UoRtoration of tlio atlob-axis complex in a primitive ancestral embolomerous 
amphibian. 


was probably not the groat discrepancy in size between the prezyga- 
pophyses and postzygapophysevS that was noted in Eryops. This may 
bo due to the fact that the atlas was not yet very specialized and still 
possessed normal-sized zygapophyses. The transverse processes of 
both atlas and axis bore ribs, a more primitive feature than in Eryops. 

The atlas-axis of these earliest tetrapods, as seen above, differed 
little from the rest of the vertebrae and was not specialized for com- 
plicated movements of the head. In all probability the movements 
at the occipito-atlantar joint were little, if any, greater than those 
between adjacent vertebrae. The single concave occipital condyle 
and the articulation of the proatlas with the skull and atlas would 
allow a small amount of lateral motion and rotation but very little 
flexion or extension. The latter movement was most limited by the 
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close proximity of the occijnit. and the proatlas, wliich would come in 
contact after a very short exiensiou of the head. The articulation 
between the proatlas and the prezya^apophyses of lh<‘ alias probably 
allowed a slight lateral motion but no tlexion or (»\t('nsion. 'Hk' atlan- 
tar postzygapophyses were doubtless normal and, as recorch'd by Wat- 
son (1926: 229) for the dorsal region of Kogi/riuus, at about a 45° angle 
above the horizontal. However, the grasping of the spinous process 
of the axis by that of the atlas must have prevented practically all 
movemcnit betweem thes(i vertebrae^ 

The head and the first two vertebrae in (unboloineres seetningly 
moved as a more or less single piece, with most of the motion in this 
region occurring between the axis and th(‘ third vertebra. The neck 
of these early forms, due to the (dose proximity of the shoulder girdle 
to the skull, was short and for the same reason not very mobihx 

It may be assumed that the neck muscl(‘s W(n*(‘ v(u*y similar to those 
of Crypiohranehufi and represented a (*(»rvical (‘xtension of tin* trunk 
musculature, as indicated by the moderately well d(‘V(d()|)e(l sinuous 
processes and ribs which are little different frotn those in tlu' trunk. 
The muscle fibc'rs running between the atlas and tlu' o(‘ciput may have' 
been slightly separated from the geiu'ral muscle mass to form a rectus 
capitis posterior as in Cryptobranchm. These muscles would t urn the 
head and neck laterally and also extend tlunn slightly. 

To offset the action of these muscles there* must have* been, as in 
modern amphibians, a subvertebral muscle* running just Ixuieath tlu* 
vertebral column. As in modern forms, tliis mus(d(* probably arose 
from the centra and was insertcMl on the* ventral side* of the occiput. 
According to Watson (1926: 208) Orfhosaunis shows tin* first trac(*s of 
the basisphenoid tubercle* for the recti capitis inusch's. 'Tht\s(' muscl(*s 
fl(*xed the h(*ad and n(*ck on the spinal column. The* range of move*- 
nient was limited by the antagonistic action of the* dorsal ext(*nsor 
muscles and also by the supraspinus and interspinatus ligam(*nts, as 
in all tetrapods. 

The presence of long curved ribs iudi(*at(\s that the transv(*rsalis 
muscle may also have been present. If pr(*s(*nt, it would aid the 
epaxial muscles in bending the v(irte])ral column, and indirectly the 
head, to one side. 

These earliest amphibians were still very fish-like in many respects. 
One of them, according to Watson (1926: 234), even retained the 
fish characteristic of having the pectoral girdle attached to the skull 
by a posttemporal bone. 

The spinal column of these forms showed slight regional differentia- 
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tion into a prcsacral and a caudal region, with long curved ribs on all 
the presacral vertebrae. The moderately developed spinous processes 
showed little difference in height in various parts of the body. This 
feature, together with the long curved ribs, suggests that the epaxial 
musculature was (luite well developed. Doubtless it was still the 
chief locomotor organ, inasmuch as the legs were weak and the animal 
must have wriggled its way over the surface of the ground by alternate 
contractions of the axial muscles in the same way that a fish swims. 
Watson (1926; 202) states that “this motion by itself will enable the 
animal to walk without any independent movement of the limb apart 
from such motion in a vertical plane as is necessary to enable it to 
engage and to be lifted from the ground . . 

The epaxial musculature in these early forms presumably consisted 
of a series of myotomos extending from the occiput to the end of the 
tail. In the sacral region it was probably interrupted slightly by the 
pelvic girdle and in the pectoral region overlapped to some extent by 
the shoulder musedes. The moderately developed neural spines, long 
curved ribs giving the body a rounded contour, and the high skull 
resemble the condition in an active, free-swimming fish more than 
they do the flattened skull and spinal column and short, rod-like ribs 
of a sluggish, bottom-living form like Cryptobranchus, Consequently 
the epaxial musculature, as indicated by the skeleton and in keeping 
with the supposedly more active habits, was probably of greater 
volume and the myomeres .showed more folding than in a modern 
urodele. 

The above represents the primitive tetrapod condition of the epaxial 
niuscula1ur(', the later modifications of which have been worked out 
for fossil forms by Olson (1930: 265) and in recent forms by Nishi 
(1919; 292), Vallois (1922: 1), and others. 

Primitively, as s(‘(‘n above, a cervical segment consisted of a vertebra 
with a moderately dcveIo])ed neural spine and transverse processes, 
well d(W(4oped curv('d ribs, and an unmodified cervical extension of 
the dorsal trunk musculature. It was primarily locomotor in function, 
the same as the trunk segments, and was little, if any, different from 
them. The changes occurring during the course of evolution will be 
pointed out later. 

STEREOSPONDYLI 

In the stercospondylous amphibians, which Watson (1919: 50) has 
shown to be direct descendants of the Rhachitomi, the tendency 
toward a flattened skull initiated in Eryops is continued to such an 
extent that the skull in some genera (c. g.^ Plagiosternum), becomes 
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very broad and flat. The same thing is seen in the latest lepospondyles, 
such as Diplocaulus; this is an excellent example of parallelism, perhaps 
to be correlated with the similar bottom-living habits of the two groups. 

The tendency, first seen in Eryops, toward the development of a 
double condyle by reduction of the basioccipital bone and emphasis 
of the exoccipital bone, is carried still further. In some of the Upper 
Triassic stereospondyles the basioccipital is greatly reduced and fails 
to become ossified. 

In occipital view the skull of MastodonsauruSf as figured by Fraas 
(1889: 69, fig, 2), is broad and flat, with two well developed, widely 
separated, exoccipital condyles, the basioccipital having disappeared. 
The condyles have oval convex faces for articulation with the atlas, 
which Fraas (1889: 77, pi 3, Jig. 2, 3) has also described and figured. 
The latter has a disc-shaped centrum bearing a low neural arch and 
spine and, on its anterior surface, two large oval concave facets for 
articulation with the occipital condyles. The atlas, with a concave 
posterior surface, is amphicoelous like the rest of the vertebrae. There 
is no indication of a proatlas, transverse processes, or ribs. An occipito- 
vertebral joint of this type allows flexion, extension, and a small amount 
of lateral movement combined with rotation. 

The axis differs from the atlas only in lacking the two articular 
facets on the cranial surface of the centrum and in possessing trans- 
verse processes and ribs. The succeeding vertebrae are similar. The 
zygapophyses of the latter are moderately developed and in Fraas' 
figures appear to be at a slight angle above the horizontal. This 
would permit lateral movement and oblique rotation but little flexion 
or extension. 

The flattening of the skull is associated with a reduction in height of 
the spinous processes of the vertebrae, which in turn indicates a 
decrease in size of the epaxial musculature. 

The vertebral column of one of these forms, MetoposauruB {Meto- 
pias), as figured by Fraas (1889: pL 14), shows a striking resemblance 
to that of Cryptohranchus. In both the vertebrae are wide and bear 
truncate spinous processes. In Cryptohramhus the vertebrae are 
longer than in MetoposauruSi in which the closely adjacent spinous 
processes reduce the range of extension in the vertebral column. In 
both, well developed exoccipital condyles extend quite a distance be- 
hind the skull. The ribs of Metoposaurus are shorter and straighter 
than in Eryops and approach the condition in Cryptohranchus, al- 
though showing less reduction. 

This dedifferentiation of the spinal colunm, as in Cryptohranchus, is 
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probably a secondary character correlated with sluggish, bottom- 
living habits, which are indicated by the shape of the head and body. 
The reduction in size and length of the ribs is also consistent with 
such habits, since long curved ribs are not needed to protect the 
viscera, which are no longer subjected to the violent contractions of 
the axial muscles characteristic of an active form such as a fish. 

The flat skull, short spinous processes, and ribs indicate that the 
epaxial musculature was reduced in volume. Also, it seems likely that 
this musculature was less differentiated than in Eryops, a more typical 
terrestrial form, and more nearly resembled that in Cryptobranchus, as 
indicated by similarities between the vertebral column, ribs, and 
skull in the two forms. 

Reptilia 

SPHENODON 

An analysis of the atlas-axis in fossil reptiles requires the same 
procedure as used with the Amphibia — i. e., a study of its condition in 
some modern foim as a solid basis for understanding the complex in 
fossils. The modern forms chosen for this purpose are Sphenodon, the 
most primitive living reptile, and Iguana, a typical lizard. 

In Sphenodon the skull is more highly fenestrated than in the fossil 
amphibians but is less specialized, with respect to reduction in the 
number of elements, than that of modern Amphibia. In occipital 
view (figure 7, C) it is quite high and, except for the large post- 
temporal fenestra, resembles the skull of the embolomeres more than 
that of modern amphibians. There is a single oval basioccipital 
condyle with a convex articular surface. The exoccipital bones are 
proportionately much less developed than in the early amphibians 
and contribute only a small portion to the condyle, a condition quite 
different from that in all Amphibia above the Khachitomi. 

The atlas is more specialized than in any amphibian in view of the 
loss of its centrum, which is fused with that of the axis to form the 
odontoid process. The atlas neural arches, together with the first 
intercentrum, tend to form a ring that rotates about the odontoid. 
The cranial surface of the first intercentrum has a concave facet for 
articulation with the occipital condyle, while the caudal surface is 
convex dorso-ventrally to articulate with the horizontal groove on 
the odontoid process. The neural arches of the atlas are rather small, 
spineless, and separate above the spinal cord. They articulate with 
the neural spine of the axis posteriorly and with the proatlas anteriorly. 
The latter is a small triangular ossicle, one on each side, that articu- 
lates with the skull anteriorly and with the neural arch of the atlas 
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posteriorly. At the base of the atlas neural arch is a small facet for 
the occipital condyle and at the back is another for the odontoid. 
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Fiottrb 7 . Sphenodon. A. Atlas-axis complex, showing origins of occipital muscles. 
B. Suboccipital and subvertebral muscles. O. Occipital view of skull, showing insertions of 
occipital and cervical muscles (semi-diagrammatic). 


Small postzygapophyses are present but no transverse processes or 
ribs. 

The axis (figure 7, A) is characterized by a large, hatchet-shaped 
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spinous process, different from that in the amphibians, which articu- 
lates with the atlas neural arch anteriorly and with the third cervical 
vertebra postei*iorly. The well developed prezygapophyses and post- 
zygapophyses are set at a slight angle above the horizontal. The 
neural arch and cenirum are fused and there arc no transverse proc- 
esses or ribs. Fused to the cranial end of the centrum of the axis is 
the odontoid process, morphologically the centrum of the atlas, and 
below it is the intercentrum of the axis. These two together form a 
saddle joint whose articular surface is concave dorso-ventrally and 
convex from side to side. This surface articulates with the atlas. 

This joint pemiits good lateral motion and rotation but flexion and 
extension are moi‘o limited. In these movements the atlas and head 
move as one piece. Rotation occurs between the atlas and the axis in 
higher amniotes, instead of between the skull and the first vertebra as 
in Amphibia. 

The movements occurring at the occipito-vertebral joint are not very 
great. Th(' convex articular surface allows flexion, extension, and a 
little rotation, but not lateral bending. All these movements have 
approximately equal rangers and depend largely on how tightly the 
proatlas articulates with the skull and on the elasticity of the joint 
capsules and vertebral ligaments. 

These movements are produced by the action of the occipital and 
cervical muscles (fioure 7, B), which are more specialized than in the 
Amphibia. They arc summarized according to action in table 2. 
The subvcrt('bral muscles ar<» shown in figure 15, A. 

IGUANA 

The other modern rei)tile to be considered is Iguana, a typical lizard. 
The skull in o(*cii)ital view (figure 8 , C) is quite similar to that of 
Sphenodon exei'pt that it is more fenestrated and a little higher and 
narrower. There is a single convex occipital condyle, which is cres- 
centic in shapi' and has a shallow groove on its dorso-caudal surface. 

The atlas (figure 8, A) is a ring which is open dorsally and has a 
well developed hypapophysis. On the ventral half of the cranial 
surface of the ring is a concave articular surface for the occipital con- 
dyle. This facet is divided into two small lateral surfaces which 
articulate with similar surfaces on the dorso-lateral surface of the 
condyle, and a larger ventro-median surface which articulates with 
a corresponding part of the condyle. The neural arches of the atlas 
are short and do not meet over the spinal cord. There is no spinous 
process nor are there prezygapophyses, but tiny postzygapophyses are 
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Table 2 

Occipital and Cervical Muscles in Keptiles 


MUSCLE 

Eect. Cap. Post. 
Supei'fic. 

Eect. Cap. Post. 
Profound. 

Spinalis Capitis 


Longiss. Cap. (acting to- 
gethei) 

Sp. & Semisp. Cerv. (fused 
m Igvana) 


MUSCLE 

Longus colli 


Eect. Cap. Ant. 
{Igvana) 

Longiss. Cap. (pais 
Cerv.) 


Extension of Head and Neck 
origin 

Doiso-cranial border of 
neural spine of axis 

Dorso-cranial border of 
axis neural spine be- 
neath preceding muscle 

Neural spines of posterior 
cervicals & anterior tho- 
racics 

Prezygapopbyses of 4th 
cervical caudally 

Continuation of sp. & 
semisp. dorsi {Iguana) 
Longissimus & prezyga- 
pophyses of caudal cer- 
vicals (Sphcnodon) 

Flexion of Head and Neck 
ORIGIN 

Ventro-lateral surface of 
first 12 vertebrae; cervi- 
cal & anterior thoracic 
ribs 

Ventral surface of 4th- 
7th cervical vertebrae 
and 7th cervical rib 
s. Prezygapophyses of 4th 
cervical caudally 


INSERTION 

Occipital Crest {Spheno- 
don) Supraoccipilal 
(Igvana) 

Supraoccipital 


Parietal 


Squamosal, parietal (Sphe- 
nodm) Paiietal (Iguana) 

Sp. process of axis & post- 
zygapophyses of atlas 
(Iguana) Proatlas and 
postzygapophyses oi C 
1 & 2 (Sphcnodon) 

INSERTION 

Ventral surface of ccivical 
vertebrae 

Ventral surface of basioc- 
cipital 

Spheno-occipit al t ubcrcle 
(Sphcnodon) 


Rotation and Abduction of Head and Neck 


MUSCLE 

Obhq. Cap. Mag. 


Obliq. Cap. Infer. 

Longiss. Cap. 

Longiss. Cap. (pars Trans. 
Cap.) 

Il-cost. Cerv. et Cap. (not 
separated m Sphcnodon) 


ORIGIN 

Lateral surface of the 
spinous process of the 
axis <& dorsal surface of 
atlas neural arch 
Dorsal surface of the neu- 
ral arch of the axis 
Prezygapophyses of 4th 
cervical caudally 
Prezygapophyses of 4th 
cervical caudally 
Longiss., lumbo-dorso fas- 
cia (Iguana) 


INSERTION 

Opisthotic, prootic (Sphcn- 
odon) 

Opisthotic (Igvana) 

Atlas postzygapophyses 

Squamosal, parietal (Sphe- 
nodon) Panetal (Iguana) 

Opisthotic, trans. proc. of 
ant. cervicals 

Cervical ribs, atlas, basi- 
occip. (Iguana) 
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articulate with corresponding regions of the odontoid process which, 
as in all amniotes, is the atlas centrum fused with the axis. There is no 
proatlas. Transverse processes and ribs arc absent . 

The occipito-vertobral joint allows good rotation and lateral move- 
ments of the head but flexion and extension are limited. The free- 
dom of movement at this joint is greater than in Sphenodon, probably 
due largely to the absence of a proatlas. The range of flexion is much 
greater than that of extension, which is soon stopped by contact of 
the occiput with the neural arch of the atlas. The range of all the 
movements is limited by ligaments and the action of antagonistic 
muscles. 

The axis (figure 8, A) is very similar to that of Sphenodon except 
that the neural spine is more expanded, indicating larger occipital 
muscles. The odontoid process has the same kind of transverse groove 
but the median dorsal point is more pronounced. There is a well 
developed hypapophysis and small but distinct prczygapoi)hyses. 
The normal postzygapophyscs face, as in Sphenodon, at about a 35® 
angle above the horizontal. 

The atlanto-axial joint allows a combination of lateral movement 
and rotation about an oblique axis but flexion and extension are very 
slight. The articulation between the axis and the third cervical 
vertebra also permits these movements but allows more flexion and 
extension. The precocious intervertebral joints facilitate these move- 
ments. Transverse processes and ribs are absent. 

As would be expected from the similarity of the occiput and atlas- 
axis complex to those of Sphenodon, the occipital muscles (figuuio 8, B) 
are essentially the same in morphology and function (table 2) as 
those of Sphenodon, 

The action of these dorsal extensor muschss is, as in Amphibia, op- 
posed by that of ventral flexor muscles. The latter, however, are 
more highly differentiated than in the Amphibia and, instead ot con- 
sisting of a single subvertebral muscle mass, are differentiated into a 
longus colli and a rectus capitis anterior. In possessing a rectus 
capitus anterior Iguana is more highly specialized than Sphenodon, 
The longus colli arises from the ventral side of the fourth through 
seventh cervical vertebrae and from the last three cervical ribs, and 
is inserted in the same place on the first three cervical vertebrae. The 
rectus capitis anterior arises from the centra of the fourth through 
seventh cervical vertebrae and from the seventh cervical rib and is 
inserted on the under surface of the basioccipital (figure 15, C). 

These muscles flex the head and neck and act as antagonists of the 
epaxial occipital and cervical muscles. 
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DIADECTES 

This brief survey of the atlas-axis in these modern reptiles has laid 
the basis for an analysis of the complex in fossil forms, beginning with 
the Cotylosauria, the most primitive order of reptiles. 

One of the best knowm cotylosaurs is Diadectes (figure 9), a Permian 
form of which the Museum has considerable material. The skull is 
imperforate and in occipital view (figure 9, C) is quite similar to the 
embolomerc condition. There is a single large, somewhat heart- 
shaped condyle, which has a concave articular surface deeply pitted 
for the notochord. The sutures on the occiput are obliterated so that 
the boundaries of the individual bones can not be distinguished. 
However, comparison wdth Watson\s (1918: 270) restoration of the 
occiput of the cotylosaur Seymouria^ the most primitive known rep- 
tile, indicates that in all probability the condyle was tripartite and 
consisted of a large veutro-median basioccipital and two smaller dorso- 
lateral oxoccipitals. The basioccipital part of the condyle slopes 
downward and forward while the more vertical cxoccipital parts face 
posteriorly. 

The atlas-axis complex of Diadectes (figure 9, A) has been de- 
scribed and sketched for me in a personal communication from Dr. 
Olson, who has also figured it (1936: 280, fig. 8 K) previously. According 
to him, the right arch and spine of the atlas are entirely separate from 
those of the left side and in his sketch they appear to be well developed 
and posteriorly inclined. In side view they are slightly scmicu*cular. 
The postzygapophyses are well developed and, when the arch is 
articulated with its central element, arc nearly horizontal in position. 
The central clement, which Olson does not identify with certainty, 
is large. According to Case (1911: 75), this element should be the first 
iiitcrccntuni and must necessarily be large because of the strong for- 
ward inclination of the basioccipital part of the condyle. Otherwise, 
the head would be carried at a sharp angle to the vertebral column. 
This central element is crescentic in shape and probably has on its 
cranial surface an articular facet for the basioccipital part of the con- 
dyle. According to Olson it has a facet for the capitulum of the first 
rib. In his sketch the lower part of the cranial surface of the atlas 
arch has what appears to be an articular facet. If so, this probably 
articulated with the flattened cxoccipital part of the condyle. 

Olson states that the proatlas is well developed and arises from a 
facet on the cranial surface of the atlas spinous process just above its 
base. Near the top it has a lateral facet which probably articulated 
with the occiput, although he has been unable to determine its exact 
position. 
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Figube 9 Diadectes. A Atlas<axis, showing origins of occipital muscles. Bones re- 
stored from personal descnption, ^etch. and photograph by Dr. E. C. Olson. B. Bestora- 
hon of suboccipitid and subvertebral musdes Modified from Olson. O Occipital view of 
skull, showing insertions of ocapital and cemcal muscles (seml-diagrammatlo). 
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Olson has described, behind the first central element, a large bone 
with an anterior process simulating an odontoid, but he is not ccilain 
of its identity. Identification of this clement as an odontoid would be 
in accord with the condition in Sey7nouria, as described and figured by 
Watson (1918: 277), An unusual condition, according to Olson, is 
the apparent possession of a neural spine by the second intei centrum. 

The spinous process of the axis (figure 9, A) is laterally compressed, 
antero-po&teriorly expanded, and in side view tapers towards a point. 
The prezygapophyses are smaller than the well developed postzygapo- 
physes, which are, according to Case (1911: 75) horizontal in position. 
The transverse processes are large. Both atlas and axis have double- 
headed ribs. The axis of Diadectes is more advanced than that of 
Eryops in having a larger, more expanded neural spine, which is on the 
way to becoming hatchet-shaped as in the higher tetrapods. This 
higher spinous process is correlated with a higher skull than in Eryops, 

The range of movement in this type of atlas-axis would be limited. 
The occipito-vertebral joint was quite stiff but would permit rotation 
and lateral bending, depending in degree on how firmly the proatlas 
articulated with the skull and the atlas. As seen above, the atlas had 
not become differentiated into a ring that rotates about its own cent- 
rum as in the higher amniotes. 

The skull of Diadectes is so solid and heavy that a strong occipito- 
vertebral joint, in conjunction with ligaments and muscles, was 
needed to support it. The horizontal position of the zygapophysial 
articulation between the atlas and the axis allows only lateral bending 
at this joint. The same is true of the articulation between the axis 
and the third cervical. The postzygapophyses of the latter however, 
arc, according to Case (1911: 76), more obliquely placed, which per- 
mits a combination of lateral movement and rotation about an oblique 
axis. In addition, a little flexion and extension would also have been 
possible, both of which were absent or at least very slight in the pre- 
ceding joints. 

The neck of Diadectes was short and most of the movement would 
have been limited to a lateral swimming motion of the head. However, 
a slight rotation, flexion and extension of the neck and, indirectly, of 
the head could have occurred at the articulation between the third and 
fourth vertebrae. Posterior to this point extension of the neck would 
have been practically impossible, due to the close contact of the 
spinous processes. 

Flexion would also have been slight, since the small space between 
the centra indicates rather thin intervertebral discs; consequently, 
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the centra would soon make contact with each other after a small 
range of flexion. 

Ill Sphenodon and Iguana the enlarged neural spine of the axis is 
associated with, and provides a place of attachment for, special 
occipital muscles for moving the head. Since the neural spine of the 
axis in Diadectes is also expanded, it is reasonable to assume that the 
condition of the occipital muscles was similar to that in modern forms, 
although, because of the general primitive character of Diadectes, not 
as highly specialized. That the occipital muscles were loss well 
developed is indicated further by the fact that the spinous process of 
the axis has not yet attained the hatchet shape so characteristic of 
higher amniotes. The rather strong resemblance of the neural spine 
of the axis to that of Eryops suggests a similar condition in the occipi- 
tal muscles (figure 9, B). 

The low neural spines and swollen neural arches of the vertebrae 
posterior to the axis suggest that the epaxial musculature, especially 
the median spinalis system, was laterally expanded but not very deep 
or highly specialized. 

Olson (1936: 276, 287, 300), from a study of the bones and by com- 
parison with recent forms, has been able to restore the occipital and 
cervical muscles (figure 9, B) and infers that they resembled those of 
Eryops quite closely. 

On the ventral side of the skull, on each side of the occipital condyle, 
is a rather prominent depression which was probably for the cranial 
insertion of the subvertebral muscles. This musculature, since Dia- 
dectes is a primitive unspecialized form, was presumably not differ- 
entiated into separate muscles as in modern forms, but consisted of a 
single muscle mass on each side, running ventral to the spinal column 
from the tail to the head. Judging from the ventro-lateral dt'prcssions 
in which the muscle slips were inserted on the centra, the musculature 
must have been very powerful, since it apparently sqiK^ozed up a ven- 
tro-median keel that separated the two lateral masses (figure 15, B). 
This muscle flexed the neck and head. 

DIMETRODON 

The next stage in evolution is represented by Dimetrodon, a rather 
specialized Permian pelycosaur. The skull was advanced over the 
cotylosaur condition by the acquisition of a single temporal fenestra, 
which places Dimeirodon, along with the mammal-like reptiles, in the 
subclass Synapsida. 

In occipital view (figure 10, C) the skull is higher and narrower 



EVANti. EVOLUTION OF THE ATLAS-AXIS COMPLEX 


Cl 


than in Diadecies and showb a single oval condyle with a convex 
articular surface. This tripartite condyle was composed of a veiitro- 
median basioccipilal part and two dorso-lateral exoccipital parts, the 
three bones contributing equally to formation of the condyle. Thc' 
skull is still unfoncstrated posteriorly and the supraoccipital region is 
inclined forward as in Diadectes, 

The most obvious advance in the atlas-axis complex (figure 10, A) 
over that of Diadecies is the great increase in the height and size of the 
neural spine of the axis, a change correlated with an increase in height 
of the skull. 

The atlas, as in all amniotes, retained its temnospondylous condi- 
tion. The first (atlas) intcrcentrum is the largest in the vertebral 
column. It is crescentic in shape and bears on the dorso-caudal sur- 
face an articular facet, slightly concave from side to side, that articu- 
lates with the vontro-cranial surface of the odontoid process. The 
cranial surface is deeply concave for the occipital condyle and has a 
slight ventro-median shelf. Dorsally there arc two flattened facets 
for the neural arches of the atlas. Each lower lateral surface shows 
well defined articular facets for the atlantar ribs, which were fairly 
well developed. 

The neural ar(‘heb of the atlas were not preserved in my spi^ciineu 
but, according to Case (1907: 107), they were semicircular flattened 
elements quite separate from the centrum. They aiticulatod poste- 
riorly with the neural spine of the axis and vent rally with the atlas 
centrum (odontoid). They were not united dorsally and, as figurc‘d 
by Williston (1925: 101, /. 79), had concave cranial surfaces which 
continued the curves of the cranial surface of the atlas intcrcentrum, 
the three bones together making a cup for the occipital condyle. A 
pair of small bent proatlas elements weie presemt on the anterior 
(cranial) surface of the atlas neural arches and conii(‘cte(l the lattci* 
with the occiput. These elements were proportional idy smaller than 
in Diadecies. 

The odontoid (atlas centrum) is a large, somc'what crescentic bone 
whose cranial surface is very similar to that of a modern alligator. 
Seen from the front, it represents a flattened figure 8 and is convex 
dorso-ventrally. In the center of the dorsal margin of this surface is a 
small spout-like process with a deep notochordal pit immediately be- 
neath it. On each side of this is a flat articular surface for the atlas 
neural arches. The saddle-shaped ventral half of the ^8^ articulated 
with the atlas intercentrum, while the central part of the upper half 
made contact with the occipital condyle. On the ventro-lateral sur- 
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Figure 10 Dtmelrodon A. Atlas-axis, showing origms of occipital muscles (atlas neural 
arch and proatlas restored) B Restoration of subocapital and subvertebral muscles 
Modified firom Olson C. Occipital view of skull, showing insertions of occipital and cervical 
muscles Modified firom Olson (senu-diagrammatic) 
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face is a facet for articulation with the tuberculum of the atlas rib. 
The caudal surface, which articulates with the axis, is slightly heart- 
shaped and has a concave face with a deep notochordal pit. 

The atlas was more advanced than that of Diadectes in that its 
centrum had assumed the position and some of the functions of an 
odontoid process, although it had not yet fused with the axis and its 
neural arches and the proatlas are smaller. 

The most notable advance in the axis of Dimetrodon (piguke 10, A) 
is the great increase in the size of the neural spine, although this is not 
yet hatchet-shaped. The postzygapophyses are large and set at about 
a 35° angle above the horizontal. The prezygapophyses, however, are 
very small and are practically horizontal in position, with flat articular 
faces. 

The neural arch of the axis is fused with the centrum, which is 
elongated and curved downward so that the caudal face is lower than 
the cranial. The latter face seems to be divided into an upper surface 
for articulation with the odontoid and a lower one for the axis inter- 
centrum. Due to the fact that my specimen was articulated I was un- 
able to examine these surfaces completely but both are apparently 
concave and the upper one is probably pitted for the notochord. The 
caudal face of the centrum is oval, concave, and has a large, median 
notochordal pit. The transverse processes are well developed and 
articulate with the axis ribs. 

The second (axis) intercentrum is crescentic and slightly smaller 
than the first (atlas) one. Cranially it articulates with the odontoid 
above and the atlas intcrcentrum below, while caudally it is in contact 
with the axis centrum. The lower side, near the caudal end, bears a 
facet for the capitulum of the axis rib. 

The above described oocipito-vertebral joint is nearer the type of 
modern reptiles than is that of the cotylosaur. Consequently, the 
motions permitted at this joint wore more varied and freer than in 
Diadectes. The proatlas, being smaller, was probably not such a 
limiting factor as in the other fossil forms. 

Virchow (1914: 107) has shown the typos of movement possible in 
this region in a modern alligator. Since the proatlas, atlas, and 
odontoid of Dimetrodon resemble those of the alligator rather closely, 
they probably permitted similar types of movements at this joint. 
Rotation, flexion, extension, and some lateral movement were all 
possible at this joint but they varied in their range. Rotation occurred 
mostly at the occipito-atlantar joint, since the atlas is not differentiated 
into a ring rotating freely about the odontoid. However, some rotation 
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of the atlas about the odontoid was possible although it would have 
been slight and probably did not occur except, as in the alligator, dur- 
ing violent turning of the head. 

Flexion and extension depended on the elasticity of the occipito- 
vertebral membranes and the articulation of the proatlas with the 
skull. Flexion, as in the preceding forms, had a greater range than 
extension, which was limited by the blocking action of the proatlas. 
Extension was stopped when the raising of the head had pushed the 
proatlas back until it abutted against the atlas arch. Consequently 
the larger the proatlas, the sooner its checking action takes effect. 

Some lateral motion was also possible at the occipito-vcrtebral 
joint but most motion of this type probably involved turning the en- 
tire neck. 

The flat, practically horizontal prezygapophyses of the axis would 
allow lateral motion but not much else at the atlanto-axial joint. 
Flexion and extension, if any, would be very slight, because the atlas 
was pushed or pulled backward or forward by the raising or lowering 
of the head. 

The well developed, obliquely placed postzygapophyses of the axis 
would permit a combination of lateral movement and rotation about 
an oblique axis at the joint between the axis and the third vertebra. 
Also, there would be a greater range of flexion and extension between 
the axis and the third vertebra than between the axis and the atlas. 
The range of extension was limited by the close proximity of the 
spinous processes of the axis and the third vertebra, while flexion was 
limited by the joint capsules and the supraspinatus and interspinatus 
ligaments and dorsal extensor muscles. 

The increased size of the neural spine of the axis probably means 
that the occipital muscles arising from it were larger and b('lter de- 
veloped than in Diadectea, Also, the clos(‘r resemblance' of the entire 
atlas-axis complex to that of modern roptik's indk'ates that in all 
probability the occipital musculature was more highly differeutialed 
and nearer to the modern condition than in the cotylosaurs. 

On the antero-cranial border of the neural spine of the axis, separated 
by a slight ridge, are two depressed areas of muscle insertion which 
comparison with Sphenodon shows were probably for the rectus capitis 
posterior superficialis and profundus, respectively. These muscles 
(figure 10, B) ran cranially and, according to Olson (1936: 301), 
were inserted beneath each other on the dermosupraoccipital, supra- 
occipital, and tabular. He also believes that the rectus capitis poste- 
rior profundus was probably in contact with the proatlas. 
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On the lateral surface of the spine of the axis is a large oval depres- 
sion which, as in Sphenodon and Iguana, was probably for the obliquus 
capitis magniis. This was the largest of the occipital muscles and 
Olson has shown that it was inserted on the opisthotic. 

On the cranio-ventral border of the axis spinous process is a promi- 
nent, semicircular depression which comparison with modern forms 
indicates was for the obliquus capitis inferior. According to Olson 
(1936: 302) this was a small muscle inserted on the postzygapophyses 
of the atlas. Presumably an obliquus capitis superior ran between the 
postzygapophyses of the atlas and the occiput but I was unable, due 
to the absence of the atlas neural arches in my specimen, to determine 
whether or not it was present. 

The occipital muscles of Dimetrodon are more advanced than those 
of Diadectes in the separation of the rectus capitis posterior into a pars 
superficialis and a pars profundus. 

The ligamentum nuchae was probably well developed, arising from 
the rugose tip of the neural spine of the axis and being inserted in the 
mid-line of the occiput. This ligament, as in all tetrapods possessing 
one, was the main support for the head; the muscles merely moved the 
head. 

Dimetrodon is very specialized with respect to the neural spines and 
arches, which are very high and evidently supported a sail-like frill 
on the back. This feature implies that the medial epaxial muscles 
(spinalis-semispinalis system) were highly specialized and much 
bettor developed than in any of the preceding forms. 

Olson (1936: 279, 289, 301) has restored the axial muscles of Dimet- 
rodon. The functions of the occipital and cervical muscles were prob- 
ably the same as those of the corresponding muscles in modern reptiles 
(table 2). 

As in preceding forms, the effect of the dorsal extensor muscles was 
opposed by the action of ventral flexor muscles. This subvertebral 
musculature, as indicated by the marked vcntro-lateral constriction 
of the axial and other centra, must have been very powerful. 

Since the atlas-axis complex, as well as the occipital musculature, 
approaches the modern condition more than in the cotylosaurs, it is 
reasonable to assume that the same held true for the subvertebral 
musculature. The latter, accordingly, would have been differentiated 
into a longus colli and a rectus capitis anterior. The longus colli 
probably arose, as in Iguana, from the ventral surface of the posterior 
ccrvicals and from the cervical ribs, and was inserted in similar fashion 
on the anterior cervical vertebrae. The rectus capitis anterior prob- 
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ably arose from the ventral surface of the centra of the posterior 
cervical vertebrae and was inserted on the undeisidc of the occipital 
legion of the skull. These muscles were the flexors of the head and 
neck 

CYNODONTIA 

The last reptile in the series is Thnnaxodorij of which the museum 
has a well preserved skull. This form is of particular interest as a 
member of the Cynodontia, the special group of reptiles that gave 
rise to the mammals. 

The shape of the skull is very similar to that of the modem opossum, 
especially in occipital view (figure 11 , C). The low triangular occi- 
put is impeiforate, and shows an essentially mammalian condylar 
region. Theie are two well developed exoccipital condyles from which 
the basioccipital has been partly withdrawn, although it still articu- 
lates with the atlas intercentrum. The condyles are oval in shape and 
have convex articular surfaces. 

The atlas-axis complex is absent in the museum specimen but it has 
been described and figured in Galesaurus (= Thnnaxodon) by Farring- 
ton (1934: 47). According to him, it (figure 11, A) consisted of a 
proatlas, an atlas, and an axis as in Dimeirodon, The proatlas con- 
sisted of a pair of thin, rhomboidal plates overlapping the cxoccipitals 
cranially and supported candally by the articular processes of the 
atlas. 

The atlas consisted of right and left halves, the upper median parts 
of which were broken in Farrington's specimen so that it is uncertain 
whether or not they met in the mid-line. Dorsally each half consisted 
of a plate which extended anteriorly under the outer half of the proat- 
las and rested posteriorly on the prezygapophyscs of the axis. These 
plates, which weie fastened to a stout wedge-shaped bone lesting on 
the upper surface of the odontoid, showed well developed transverse 
processes projecting downward and backward. 

Accoiding to Farrington, the first intercentrum was an oblong 
wedge-shaped bone with facets on its posterior comers. Apparently 
it was not large enough to articulate with the sides of the atlas, but 
lay against the odontoid and covered part of the basioccipital. An 
atlantar rib was present. 

The spinous process of the axis was broken off in Farrington's 
specimen but it is well known in several other cynodonts and can be 
restored from them. A small projection went forward under the atlas 
and well developed postzygapophyses, set at about a 45® angle, were 
present. Below the postzygapophyses were small anapophyses that 
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Figuri 11 Cynodont A Atlas-«kx!s of Thrmaxodon {Oalesaurus) (fiom Farrington). 
Mui!>cle otigins restored B Bestoration of suboocipital and bubvertebral xnoades 0. 
Occipital view of bkull, showing insertions of occipital and cervical muscles. 
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lay outside of and slightly above an anterior process arising from the 
base of the prezygapophyses of the third vertebra. The transverse 
processes were similar to those of the atlas. The centrum was con* 
stiictcd medially and apparently attached loosely to the odontoid 
except whore the second iiitercentrum was wedged between them and 
partly fused with them. 

Thrinaxodon is more advanced than Dimeirodon in being practically 
bicondylic and in having a hatchet-shaped spinous process on the 
axis, as is so characteristic of recent reptiles and mammals. 

The occipito-vertcbral joint of the cynodonts was functionally bi- 
condylic and would permit flexion, extension, and lateral motions of 
the head on the vertebral column but practically no rotation. These 
movements depended on how tightly the proatlas articulated with the 
skull and the atlas. Flexion covered a greater range than extension, 
due to the blocking action of the proatlas, as in Dimeirodon. The 
cup-shaped condylar articulation would allow a small amount of 
lateral motion of the head but the separation of the condyles prevented 
rotation. 

A cast of the cervical vertebrae of Cynognathus shows that the 
odontoid, especially its cranial articular surface, is very similar to that 
of Tachyglossus, Therefore it probably permitted the same types of 
movement as occur at this joint in modern monotremes. In accord 
with this line of reasoning the movements possible at this joint in 
cynodonts would have been chiefly abduction and a slight rotation of 
the head. The range of abduction, due to the unusual size of the 
odontoid articular facets for the atlas, would have been quite great. 
The practically horizontal position of the zygapophyses at this joint 
would also tend to limit movement here to abduction. Flexion and 
extension would have been practically out of the question because of 
the contact of the spinous process of the axis with the atlas arch and 
of the axis intercentrum, which was more or less wedged between and 
fused with the odontoid and the axis centrum. The oblique position 
of the zygapophyses between the axis and the third vertebra would 
have allowed flexion, extension, and a combination of lateral turning 
and rotation about an oblique axis to occur at this joint. 

The above movements, as in the preceding forms, were produced 
by the action of the occipital and cervical muscles (figure 11, B). 
These muscles, in keeping with the mammal-like character of the 
occiput, the atlas neural arch and transverse process, and the spinous 
process of the axis, were probably similar to those of a primitive mam- 
mal such as the opossum. The areas of muscle insertion on the occiput 
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are very faint but were distinguishable with the aid of a binocular 
dissecting microscope. The supposed origins of these muscles on the 
atlas and the axis are based on the conditions in the opossum. 

The largest of the occipital muscles was the rectus capitis poslerior 
major which probably arose as in the opossum, from the entire dorsal 
border of the spinous process of the axis. From here it ran forward to 
be inserted in a shallow oval depression on the dermo-supraoccipital, 
supraoccipital and tabular. Immediately beneath this was the rectus 
capitis posterior minor, which probably arose from the dorsal border 
of the atlas neural arch and was inserted in a small shallow oval depres- 
sion on the supraoccipital. 

The well developed transverse process on the atlas, an advance over 
Dimetrodon, is a mammal-like feature not found in recent reptiles. 
Its size suggests the presence of a well developed obliquus capitis 
superior and inferior and a rectus capitis lateralis, as in mammals, 
while the obliquus capitis magnus, the largest and most important 
occipital muscle in typical reptiles, was probably lost. The obliquus 
capitis superior presumably arose, as in the opossum, from the dorso- 
cranial border of the transv(‘rse process of the atlas and ran obliquely 
forward and inward to be inserted in a faintly marked depression on 
the exoecipital and opisthotic. The insertion indicates that this was 
the second largest occipital muscle inserted on the skull. 

The obliquus capitis inferior probably arose, as in recent mammals, 
from the lateral surface of the spinous process of the axis and was in- 
serted on the dorso-caudal border of the transverse process of the atlas. 
The rectus capitis lateralis probably ran forward from the transverse 
process of the atlas to be inserted on the occiput near the rectus capitis 
posterior minor, as it does in the opossum. The two recti muscles ex- 
tended the head while the two oblique muscles abducted and rotated it. 

A ligamentum nuchae probably ran between the spinous process 
of the axis and the mid-line of the occiput. 

The postaxial cervical spines in Cynognathus are well developed but 
are not excessively long as in Dimetrodon. Their size implies that the 
cervical epaxial muscxilalure was well developed. Since the cynodonts 
are nearer the mammals than the pelycosaurs, the longissimus cervicis 
et capitis had probably lost its marked external segmentation, as 
Olson (1936: 278) says was the case for the spinalis-semispinalis in 
Dimetrodon. The ilio-costalis capitis had most likely been lost by now. 
I was unable to see any muscle scars on the cast of the cervical verte- 
brae of Cynognathus but the origins and iasertions of the above muscles 
presumably were similar to their homologues in the opossum. 



70 


ANNALS NEW YORK ACADEMY OF SCIENCES 


These muscles would extend and abduct the head and neck. Most 
of the rotational movement of the head may be attributed to the joint 
between the axis and the third cervical vertebra, which would permit 
this type of movement. 

The subvcrtebral flexors of the head and neck must have been quite 
powerful in Cynognathus^ in view of the ventro-lateral constriction of 
the centra. The centra also have a ventro-median keel which sepa- 
rated the musculature of the opposite sides. 

This subvertebral musculature (figure 15, D), since the cynodonts 
are so mammal-like in other respects, was probably differentiated 
into a rectus capitis anterior and a longus colli. It may be assumed 
that the rectus capitis anterior arose from the posterior cervical centra 
and was inserted on the ventral surface of the occipital region of the 
skull, while the longus colli originated from the posterior cervical ribs 
and the posterior cervical centra and ran forward to bo inserted on the 
anterior cervical centra. 

The cast of the spinal column of Cynognathus shows seven cervical 
vertebrae, probably the usual number in the cynodonts as it is in the 
great majority of mammals. These vertebrae have well developed 
neural spines and transverse processes which, according to Seeley 
(1895: 99), are for articulation with the tuberculum of a cervical rib 
whose capitulum articulated with the intcrcentral region. The neural 
arches are fused with the centra and, in Cynognathus at least, inter- 
centra are present in the neck region. Both pairs of zygapophyses are 
well developed and are set at an oblique angle above the horizontal. 

The above articulations would allow flexion, extension, and a com- 
bination of lateral movement and rotation about an oblique axis in 
the neck. Extension would have been limited largely by the anterior 
longitudinal ligament, which was presumably present as in recent 
tetrapods. The intercentra and posterior longitudinal and interspinus 
ligaments would have restricted flexion. Abduction and rotation were 
probably limited chiefly by the articular capsules. 

MORPHOLOGY AND FUNCTION OF THE ATLAS-AXIS 
COMPLEX IN MAMMALS 

With the rise of the mammals the tendencies, previously noted in 
reptiles, for the atlas to become a ring and for its centrum to fuse to the 
axis as the odontoid, are fully realized. The opposite halves of the 
neural arch are now fused with each other and with the atlas inter- 
centrum to form a ring rotating about the odontoid. The latter has 
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become a peg-like pivot for the atlas and is completely fused to the 
axis. The proatlas has been lost, except in one or two cases, and the 
atlas is characterized by large, expanded transverse processes. The 
reptilian tendency toward the development of a large, hatchet-shaped 
spinous process on the axis culminates in the mammals. In these 
respects the atlas-axis complex is more specialized than in the lower 
tetrapods. These changes are correlated with changes in the occipital 
muscles. 

The above, except in highly specialized aquatic forms like the 
Cetacea, is the usual mammalian condition of the atlas-axis complex 
in both recent and fossil forms. Therefore a discussion of its mor- 
phology and function may be confied to recent forms. For this pur- 
pose I have selected the opossum (Didelphis) as a primitive marsupial, 
the cat (Felis) as a typical placental, and man (Homo), 

DIDELPHIS 

The skull of the opossum resembles that of some cynodonts and the 
occiput (figure 12, C) especially is very similar to that of Thrinaxodon, 
It differs from the latter, however, in having well developed paroccipi- 
tal processes and in the complete withdrawal of the basioccipital from 
the condyles. The condyles are widely separated, oval convex 
eminences formed entirely from the exoccipital bones. 

The atlas (figure 12, A) is a complete ring, the neural arches and 
intercentrum being fused. The cranial surface is deeply concave and 
has two crescentic facets corresponding in shape to the occipital con- 
dyles with which they articulate. The caudal surface has two slightly 
concave facets for articulation with corresponding facets on either 
side of the odontoid. Inside the ventral arch of the atlas is a groove 
for the reception of the odontoid. The zygapophyses have been lost. 

The atlas ring is quite wide cranio-caudally, but there is no neural 
spine. The transverse processes, however, are extremely well de- 
veloped as flat, horizontally expanded blades that protrude laterally 
far beyond those of the other cervicals. 

The axis (figure 12 , A) is characterized by a large expanded neural 
spine and by the odontoid process. The former is quite thick and is 
very similar in shape to that of the cynodonts. Anteriorly it over- 
hangs the atlas arch, over which it glides during movements of the 
head. The peg-like odontoid has on each side an oval convex facet 
for articulation with the posterior surface of the atlas. 

The prezygapophyses in my specimens are very small and do not 
articulate with the atlas. The postzygapophyses are well developed 
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and set at about a 33® angle above the horizontal. The articular 
faces are practically fiat. The transverse processes are small and 
extend eaudally. 

The centra, in mammals gejicrally, have practically flat articular 





Figure 12. Dtdelphis. A. Atlas-a\is, showing origins of occipital muscles B Occipital 
and subvertebral muscles C. Occipital view of skull, showing insertions of occipital and 
cervical muscles (semi-diagrammatic). 

faces, although the cervical vertebrae in some of the long-necked 
ungulates show a ball-and-socket type of intervertebral joint. 

The atlas-axis complex of mammals, because it is more specialized 
morphologically than that of the lower tetrapods, allows greater mo- 
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bility of the head. The occipito-vertebral joint of the opossum allows 
flexion, extension, and a small amount of abduction. Flexion has a 
greater range than extension, which can not go beyond the line of the 
vertebral axis due to the contact of the occiput with the atlas arch. 
The separation of the occipital condyles and the deeply concave form 
of the atlas facets prevent rotation and allow only a slight amount of 
abduction. Rotation, however, is very free at the atlanto-axial joint, 
where the ring-like atlas rotates about the odontoid. Flexion, exten- 
sion, and abduction are very slight at this joint, owing to the shape of 
the articular facets, whose surfaces arc reciprocally concavo-convex to 
a slight degree. Extension and abduction arc further prevented by 
contact of the neural spine of the axis with the dorsal arch of the atlas. 

The opossum has seven cervical vertebrae, the usual mammalian 
number. These, as in all mammals except the camels, arc distinguished 
from other vertebrae by the possession of a foramen transversarium 
which transmits the vertebral artery and vein and a nerve plexus. 
The second through fifth cervical vertebrae have large, expanded, 
cancellous neural spines closely appressed to each oth(u\ The same is 
true for the neural arches of the fifth through seventh vertebrae but 
not for their spinous processes. 

The result of the above condition is that practically all motion is 
eliminated in the region between the axis and the last cervical. This 
region acts as a single block and motions of the head and neck are 
restricted to each end of it. 

Flexion and extension occur only at the occipito-vertebral joint, 
while rotation is confined to the atlanto-axial joint. However, the 
zygapophyses between the seventh cervical and the first thoracic 
vertebra are inoie obliqu(» in position than in the preceding vertebrae. 
Consequently motion is freer at this joint, which allows flexion, (exten- 
sion, and a coinlniuition of abduction and rotation about an oblique 
axis. 

The dev(‘lopmeiit of a more complex atlas-axis, allowing greater 
mobility of the head, is correlated with iiicreasced complexity of the 
occipital muscles (figure 12, B). With the disappearance of the obli- 
quus capitis magnus the obliquus capitis superior and inferior have 
increased in size and become the chief muscles for turning the head. 
These muscles are attached to the transverse processes of the atlas, 
the great expansion of which greatly increases their leverage. 

The occipital and cervical muscles and their functions, which are 
practically the same in all mammals, are summarized in the following 
table. 
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Table 3 

Occipital and Cervical Muscles in Mammals 


MUSCLE 

Splenius capitis 


Splenius cervicis (both act- 
ing; absent in opossum 
& cat) 

Spinalis cervicis 

Longissimus cervicis 

Ilio-costalis cervicis (both 
acting) 

Semispinalis capitis 

Semispinalis cervicis 

Eectus capitis posterior 
major 


Eectus capitis posterior 
minor 


MUSCLE 

Longus colli 


Rectus capitis anterior ma- 
jor (Longus capitis) 

Rectus capitis anterior mi- 
nor 


Extension of Head and Neck 
ORIGIN 

Ligamentum nuchae from 
C III posteriorly 

Supraspinus lig. & neural 
sp. of ant. thoracic ver- 
tebrae 

II-VII C spines 

Trans, proc. of first 7 tho- 
racic vertebrae 

II-V ribs 

Trans, proc. first 8 tho- 
racics & posyzygapop. 
of II-VII cervicals 

Articular proc. last 5 ccr- 
vicals (cat); trans. proc. 
of first 5 or 6 thoracics 

Sp. proc. of axis 


Dorsal arch of atlas 


Flexion of Head and Neck 
ORIGIN 

Centra of first 4 thoracics 
& trans. proc. of all ccr- 
vicals except Cl (cat); 
trans. proc. C III-V 
(man) 

Trans, proc. all cervicals; 
trans. proc. III-VI cer- 
vicals (man) 

Ant. (ventral) border of 
atlas ring 


INSERTION 

Occipital crest (opossum, 
cat); mastoid proc. & 
below lat. sup. nu- 
chal line (cat, man) 

Trans, proc. CI-CIII 

(man) 

Sp. proc. of II & III cer- 
vicals 

Trans, proc. II-V cervicals 

Trans, proc. last two cer- 
vicals 

Med. and lat. part of 
occipital crest 

Sp. proc. of II-VII cervi- 
cals (cat); sp. proc. of 
II-V cervicals (man) 

Supraoccip. region of skull 
(opossum); below med. 
part of lambdoidal crest 
(cat); lat. part infer, nu- 
chal line & below (man) 

Occiput below preceding 
(opossum, cat) ; mod. 
part infer, nuchal line 
(man) 


INSERTION 

Ant. arch, of Cl. trans, 
pi’oo. V-VI C, centra 
II-IV cervicals (man) 


Basioccipital 

Basioccipital 
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Rotation and Abduction of Head and Neck 


MUSCLE 

Splcnius capitis (acting 
singly) 


Longissimus capitis 
Longissimus cervicis 

Ilio-costalis cervicis (acting 
singly) 

Kcctus capitis lateralis 

ObliquuK capitis iiiferior 
Obliquus capitis superior 


OBIQIN 

Lig. nuchae from C III 
posteriorly & also from 
sp. proc. of evil and 
first 3 or 4 thoracics 
(man) 

Trans, proc. first 5 tho- 
racics, all C's except 
atlas 

Thoracic neural spines 
(cat); trans. proc. of up- 
per 4 or 5 thoracics 
(man) 

II-V ribs; II-VI ribs 
(man) 

Trans, proc. of atlas 


Spinous proc. of axis 
Trans, proc. of atlas 


INSERTION 

Occip. crest (opossum); 
lambdoidal ridge (cat); 
mastoid proc. & below 
lat. sup. nuchal line 
(man) 

Mastoid process 


Trans, proc. of cervicaJs 
(cat); trans. proc. C II- 
VI (man) 

Trans, proc. last 2 cervi- 
cals; trans. proc. IV-VI 
cervicals (man) 

Occiput below r. c. p. 
minor (opossum); fossa 
lat. to condyle (cat); 
jugular proc. (man) 
Trans, proc. of alias 
Mastoid proc. & vent to 
lambdoidal crest (cat); 
occiput between sup. & 
infer, nuchal fines (man) 


The ranges of the various movements of the head and neck are 
limited not only by the nature of the articulations, contact of the bones, 
and the action of antagonistic muscles but also by the spinal ligaments 
and those connecting the atlas and axis with each other and with the 
skull. These ligaments arc fundamentally the same in all mammals 
and their attachments and the type of movements they check are 
presented in the following table. 


Tabije 4 

Occipital and Cervical Ligaments in Mammals 
Ligaments Limiting Extension 


LIGAMENT 

Anterior atlanto-occipital 
Lateral (anterior oblique) 
Apical dental 

Transverse fig. of the atlas 
Joint capsule 


ATTACHMENTS 

Anterior atlas arch to anterior border of 
foramen magnum 

Trans, proc. of atlas to occiput lateral 
to condyles 

Summit of odontoid to occipital close to 
foramen magnum 

Crosses atlas ring and holds odontoid in 
place 

Surrounds the joints 
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Ligaments Limiting Flexion 


LIGAMENT 

Posterior longitudinal ( = tectorial 
membrane) 

Transverse lig of the atlas 
Ligamenta flava 
Ligamentum nuchae 


AllACIIMENlb 

Centri ot axis and 3rd voitoliia to 
basilar pait of occipital 
Ciosses atlas iiiig 6^ hokU odontoid in 
place 

Connects the laminae of the axis with 
those of the 3id ceivical 
Tips of spinous processes of cervical 
veitebrae to occiput 
Surrounds the joints 
Between the spinous pioccsscs. 


Joint capsule 
Interspmous 

Ligaments Limiting Rotation and Abduction 


LIGAMENT 

Alar ligaments 
Anterior atlanto-axial 

Posterior atlanto-axial 
Ligamenta flava 

Joint capsule 


XirVCHMLNlS 

Apex of odontoid to occipital condyles 
Ventral aich of atlas to front of axis 
centrum 

Dorsal aich of atlas to aich of axis 
Connects laminae of the axis with those 
of 3rd cervical 
Surrounds the loints 


FELIS 

In the cat, a typical placental mammal, the brain case, containing 
a larger and more highly developed biain, is much moic expanded 
than in the opobbum. The occiput (figure 13, C) is higher and the 
long paroccipital procebseb are abbciit. The occipital condyles are 
cb&entially the same ab those of the opossum. 

The atlas (figure 13, A) is a ring but the ventral aich is smaller 
and nariower than in the opossum. This lesults in wide sepaiation 
of the facets for the occipital condyles. These facets aie deeply con- 
cave and extend a coiisideiable distance' in fioni of th(' vential aich. 
The inner side of the vential aich has a facet foi the odontoid On 
the caudal surface of the atlas are facets for the axis Thesi' are 
bmaller than the cranial facets and are oval and face inward Thcii 
articular suiface is slightly convex. There is no neuial spine and the 
tiansverse processes are greatly expanded laterally. 

The axis (figure 13, A) is similar to that of the opossum except 
that the neuial spine does not slope forward as much and does not 
touch the atlas arch. The facets for the atlas are large and crescentic, 
with convex articular surfaces. These, however, are not in complete 
accord with those of the atlas and therefore permit more varied move- 
ments at this joint. There are no prezygapophyses but the posterior 
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ones are well developed and arc at about a 43® angle above the hoii- 
zontal. The transverse processes are greatly reduced and there are 
no libs. 


odh(fcapmfer^^^ reef cap post maj 

reef cap posi med 
Txfcapposfmm 


obh^capsi 



reef cap pcsfmin 


reef cap post med 


B 



reef cap postma/ 

cap mfer 


‘^obh^capsup 


hn^us aflanfi3 


spl emus cap 
semisp cop . 

reef cap post maj 
recfcapposfmtn.. 
semesp cap^. 


splemasccp 
recfcaplaf- 
ohli^ capsuper.^/ 



Fioubc 13. Felxs A. AtUs-a\is, showing oiigms of occipital muscles B Occipital and 
subvoitebral musdos C Occipita.1 view of skull, showing insertions of occipital and oerTi- 
cal muscles (modified ftom Jayne) 


The occipito-vertebral joint in the cat, as in the opossum, permits 
flexion, extension, and lateral movements. Extension can not go 
beyond a straight line, due to the contact of the occiput with the atlas 
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Tablb 5 



W/iSAl CERVICAL AND OCCIPITAL 

CRYPTO- RHACHITONfl 5TEREO- 

BRANCHUS, RANA , ERYOP5 .EMBOLOMERf, 5PONPYLI .SPHENOPOK 


SPLEl/IUS 
^Splenius cervich 

Sptemus capitis 


spimussYisim 

Spinalis' cervicis 
Spinalis capitis 

Samspinaiis cennds 

Stmisfinolis capitis 


lomssiMus 

SYSTEH 
Lot^fissimas cervkk 
et capitis 


lUO^COSTALIS 

SYSTEH 

Hio-costalis 


SUBOCCIPITAL 

MUSCLES 

Pectus capitis 
posterior 


Obliqms capitis 


Rectus capitis 
latehilis 
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MUSCLES W TYPE FORMS 

IGUANA .DIADECTES DIMETRODONTHRINAXODON, DIDELPHI3, FELI5 , HOMO 
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arch. Flexion has a much greater range and, as far as the bones them- 
selves are concerned, the head could be flexed a trifle beyond a right 
angle to the axis of the spinal column before the atlas came in con- 
tact with the basioccipital. A slight amount of abduction is also 
possible at this joint, since one condyle glides down in the atlas cup 
while the other glides up. 

The atlanto-axial joint permits rotation, flexion, extension, and 
abduction. Rotation is the freest and the most important. In this 
movement the posterior articular facet of the atlas, on the side to- 
wards which the face is turned, glides dorso-caudally while the op- 
posite facet glides ventro-cranially on its axial facet. The convex 
facets of the axis also allow flexion, extension, and some abduction. 
Extension is limited by the contact of the spinous process of the axis 
with the dorsal arch of the atlas, while flexion and abduction are 
limited chiefly by ligaments. 

All these movements are effected by the action of the occipital 
muscles (figure 13, B) and are limited by ligaments (table 4). The 
checking effect of the Ugaments usually takes place before the contact 
of the bones. 

The cat, like the opossum, has seven cervical vertebrae but the 
individual bones are quite different. In the cat the neural spines of the 
flrst few vertebrae behind the axis are reduced to a low ridge, and are 
only of medium height in the posterior cervicals. The transverse 
processes are also reduced and there are no ribs. The zygapophyses 
are set at about a 43® angle above the horizontal and have practically 
flat articular surfaces. 

The total effect of all these differences is that the neck, in the region 
between the axis and the first thoracic vertebra, is more mobile than 
the corresponding region in the opossum. The oblique position of the 
zygapophyses permits flexion, extension, and abduction combined with 
a slight amount of oblique rotation at these joints. The small size of 
the neural spines permits extension, which is checked by the anterior 
longitudinal ligament or the eventual contact of the neural arches of 
the vertebrae. Flexion is restricted by the dorsal spinal and inter- 
spinal ligaments, while abduction and rotational movements are 
checked by contact of the bones and the joint capsules, which are 
larger and looser than in any other part of the spinal column. 

The dorsal extensor muscles of the head and neck are opposed by 
the action of the ventral flexors, whose condition in the cat can be 
considered typical for mammals. These muscles are summarized in 
TABLE 3 (see FIGURE 15, E). 
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HOMO 

In man upiight posture has brought about many changes in the 
skull and cervical vertebrae. The facial part of the skull has been 
inclined downward so that it forms practically a right angle with the 
axis of the spinal column. 

The skull is now balanced on the upper end of the spinal column so 
that the foramen magnum and the occiput are in a nearly horizontal 
plane and, consequently, face downward instead of posteriorly as in 
pronograde animals. The occiput (figure 14, C) is oval in outline 
and the supraoccipital portion is greatly expanded. This provides 
greater area for the attachment of the occipital and cervical muscles. 
The occipital condyles are proportionately smaller in relation to the 
foramen magnum than in the cat and are elongated oval eminences 
well separated from each other. 

The atlas (figure 14, A) is a thin bony ring with no spinous process 
but with well defined, though short, transverse processes having a 
large foramen transversarium. The occipital facets of the atlas are 
well separated and deeply concave. Those for the axis are smaller, 
more circular in shape, and only slightly concave. In the center of 
the inner surface of the ventral atlas arch is a slightly concave facet 
for the odontoid. There are no zygapophyses. 

The axis (figure 14, A) is a short vertebra with a large odontoid. 
The spinous process, in contrast to the condition in pronograde mam- 
mals, is not a hatchet-shaped blade but is rather short and bifurcated 
at the tip. The transverse processes are short. 

The facets for the atlas are broad ovals with practically flat articu- 
lar surfaces. There are no prezygapophyses. The small postzygapo- 
physes, more dorsally placed than the facets for the atlas, have nearly 
flat articular surfaces and are oblique in position like those of the 
posterior cervical vertebrae. 

The occipito-vertebral joint in man permits extensive flexion and 
extension movements, but no rotation and only very slight abduc- 
tional motions. Flexion has a greater range than extension, which 
would soon be stopped by contact of the occiput with the posterior 
(dorsal) arch of the atlas. Flexion would eventually be stopped by 
contact of the basioccipital with the anterior (ventral) arch of the 
atlas. Of course, as in the preceding forms, those movements would be 
checked by ligaments (see table 4) before they had gone this far. The 
abduction motion consists of a slight lateral rocking movement of the 
head on the atlas. The muscles producing these movements are 
presented in table 3 and figure 14, B. 
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\ rectcap.fat 


blifcapsufi. 


rect.cap.posf: | 

reef: cap. laf. } 




Figubb 14. Homo. A. Atlas-axis, showing origins of occipital musdes. B. Occipital 
muscles (diagrammatic). C, Occipital view of skull, showing insertions of occipital and 
cervical muscles (modified from Gray). 
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FinuBB 15. Subvertebral musdes of various types (semi-diagrammatic). A. Sphenodon, B. Diadectes (restored). 

C. Iguana. D. Cynodont (restored). E. Felis, 
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The chief motion at the atlanto-axial joint is rotation, although 
flexion, extension, and abduction arc also present. The rotation, 
which occurs about a slightly oblique angle, is due to the antero- 
posterior movement of the atlas on the convex surface of the facets of 
the axis, which are directed supero-laterally. In this motion the 
head and atlas move together on the axis and odontoid. Flexion, 
extension, and lateral (abductional) movements are freer than in 
most other vertebral joints. The range of all these movements is 
restricted by ligaments (table 4). 

Man has seven cervical vertebrae, all of which except the seventh 
have short neural spines. These, except in the Australian native ac- 
cording to Jones (1938: 411), are bifid at the tip. The short transverse 
processes are bifurcated distally. The zygapophyses, set at about a 
45® angle above the horizontal, have practically flat articular surfaces. 
The angle of these processes permits flexion, extension, and a com- 
bination of abduction and rotation. 

Movements, except between the axis and the third cervical, are 
freer in the neck than in any other part of the spine. The restriction 
between the axis and the third cervical is due to the ventral lip of the 
caudal surface of the axis centrum, which limits flexion. Rotation in 
the neck, due to the oblique position of the zygapophyses, occurs 
about an oblique axis. According to Fick (1911 : 85) the various types 
of movement in the neck have the following ranges: 


Flexion about 90® 

Extension about 90® 

Lateral inclination about 30® 

Rotation about 45® 

Inclination and rotation about 90® 


These movements are restricted by the various ligaments listed in 
TABLE 4 and also, as in all tetrapods, by the compressibility of the 
intervertebral discs. 


DISCUSSION 

In the preceding sections the morphology and functional evolution 
of the atlas-axis complex have been traced in some detail from the 
unspecialized fish condition through the amphibians and reptiles to 
the specialized mammalian condition. Also, two types of skulls have 
been noted — the fiat type characteristic of amphibians generally and 
the high type characteristic of reptiles and mammals. 

The contrast between the atlas-axis complex of amphibians and that 
of amniotes seems to be related to these two types of skulls. A 
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flattened atlas-axis complex with a short but longitudinally elongated 
neural spine on the axis is usually associated with a flat skull. This 
type is seen in Cryptobranchus. An atlas-axis complex with a high, 
more or less hatchet-shaped spinous process on the axis, as seen in 
typical reptiles and mammals, is usually associated with a high, nar- 
row skull. In other words, both the atlas-axis complex and the skull 
are correspondingly heightened or flattened by the same process. 

The high skull of the reptiles and mammals is much nearer the 
primitive tetrapod type, as represented by the Carboniferous embolo- 
meres, than is the flat skull of the later fossil and recent amphibians. 
In fact, as will be shown, the modern and later fossil amphibians are 
aquatic, secondarily specialized types. 

The primitive embolomerous amphibians of the Carboniferous, 
e.g., PalaeogyrinuSf represent the probable ancestral tetrapod condi- 
tion or at least something approximating it. These forms had a 
relatively high skull similar to that of their crossopterygian con- 
temporaries. This general type of skull has been retained by the great 
majority of reptiles and mammals. 

The amphibians, however, have evolved in the other direction and 
show progressive flattening of the skull. This flattening began in the 
Rhachitomous amphibians of the Permian (e. gr., Eryops) and culmi- 
nated in the excessively flattened skulls of the Permian lepospondyles 
(6. g., Diplocaulus) and the Triassic stereospondyles (e. gr., PUxgioster- 
num). It is also characteristic of the modern Caudata and Salientia. 
The atlas-axis complex of these forms has also shared in this flattening 
process and shows transversely widening and reduction of the neural 
spine of the axis to a low median ridge. 

A progressive modification of the condyle from the ancestral condi- 
tion accompanies this change in the amphibian occiput. In the 
ombolomeres there is a single tripartite condyle with a convex articu- 
lar surface. This condyle is formed by the two cxoccipital bones and 
the single basioccipital, which is the dominant element. In the later 
forms the basioccipital becomes progressively reduced and contributes 
less and less to the formation of the condyle. This process continues 
until finally, in the Permian and Triassic forms as well as in the modem 
ones, the basioccipital has completely disappeared, leaving two well 
separated exoccipital condyles paralleling the mammalian condition. 

The reptiles, however, with the exception of the advanced cynodonts, 
have retained the single oval tripartite condyle up to the modern 
forms. The cynodonts became almost completely bicondylic func- 
tionally, although the basioccipital bone is retained. The mammals 
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have further developed the bicondylic condition initiated by the 
cynodonts and also have retained the basioccipital bone. 

The bicondylic mammalian condition is a stronger joint than the 
monocondylic, ball-and-socket type of most reptiles, since the skull 
and spinal column arc in contact at two points instead of one. Ac- 
cording to Fick (1911: 113), this distribution of movements between 
the head and the spinal column over two joints, in contrast to the single 
joint in monocondylic types, increases the firmness of the occipito- 
vertebral union. 

These movements — chiefly flexion, extension, and a very slight 
amount of lateral inclination and rotation in the bicondylic mammals — 
take place, because of the physical nature of the articulations, about 
two main axes, one sagittal and the other transverse. In the monocon- 
dylic, ball-and-socket, occipito-vertebral joint of typical reptiles the 
movements between the head and spinal column can take place about 
several axes. 

Only mammals and amphibians, have a true bicondylic condition, 
although some of the higher cynodonts were functionally bicondylic. 
This condition, however, seems to be a case of convergence and to 
have arisen independently in the two groups. 

In typical mammals, which have the body raised well off the 
ground and are more or less cursorial, a firmer occipito-vertebral 
joint is needed to help keep the head from bobbing around too much 
in running. 

In the Caudata, most of which are aquatic or semi-aquatic, the 
firmer bicondylic type of occipito-vertebral joint seems hardly necessary 
but the Salientia need a firm occipito-vertebral joint to keep their heads 
from bobbing when they jump. 

The skull of the modern amphibians is secondarily degenerate in 
including only ten cranial nerves, inasmuch as the Embolomcri and 
several other fossil forms {Triinerorhachis, Eryops, and Erpctosaunis) 
had, according to Watson (1919: 59), Broom (1913: 573, 584), and 
others, twelve cranial nerves. The presence of twelve cranial nerves in 
Erpefosaurus is particularly significant, in that it is one of the most 
primitive genera of Phyllospondyli, the order generally considered 
ancestral to the Salientia and Caudata. The loss by the modern 
amphibia of the hypoglossal as a cranial nerve may be, according to 
Gadow (1933: 67), correlated with the disappearance of the basioc- 
cipital, which was present in these forms. Thus the exoccipital por- 
tions of the originally tripartite single condyle remained as two 
separate condyles in modern amphibia. 
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The skull of the Salientia and the Caudata is also highly fenestrated 
in contrast to the imperforate skull of the embolomeres and the 
rhachitomes. This fenestration has been produced largely by the 
great reduction in number of skull elements, since the dermo-supraoc- 
cipital, supraoccipital, tabular, supratemporal, intertemporal, post- 
frontal, postorbital, prefrontal (retained in some species), interparietal, 
lacrymal (retained in some species), basioccipital, and basisphenoid 
have been lost. 

The Caecilia differ from other modern Amphibia in having a solid 
compact skull and long curved ribs. Both of these features may be 
correlated with their burrowing habits. Also, in some genera they 
retain the ectopterygoid bone, a very primitive element that was 
early lost by the phyllospondyles. 

A definitive neck first appeared in the Amphibia with the separation 
of the pectoral girdle from the skull and its later posterior migration. 
In some fish,e. g,, Squalus^ihe pectoral girdle is also separated from the 
skull but there is no special modification of the spine or muscles to 
differentiate this region as a neck. According to Watson's (1926: 236) 
restoration of Eogyrinus, an early Carboniferous embolomere, the 
pectoral girdle was still connected to the skull by a post-temporal 
bone as in fish. 

In the later stegocephalians and early reptiles the pectoral girdle 
lies immediately behind the skull, and probably helped support the 
heavy head and prevented lateral movements of it. In the early 
amphibians separation of the girdle and the skull allowed lateral 
swinging of the head and neck, but this was prevented in the later 
stegocephalians by the development of separate exoccipital condyles. 
The same is true of the modern Amphibia. 

The Amphibia have never developed a complex atlas-axis or a long 
flexible neck as have the reptiles and mammals. This is probably due 
to the fact that they are primarily an aquatic or semi-aquatic group. 
With the marked exception of the plesiosaurs, aquatic forms do not 
usually possess a highly mobile occipito-vertebral joint or a long, 
flexible neck, for such structures would be a disadvantage in swimming. 

The atlas-axis complex of modern forms has lost the proatlas, which, 
as already noted, was probably present in the embolomeres and 
rhachitomes, and the entire complex has become simplified. Both 
vertebrae are flattened and the neural spine of the axis is reduced to a 
low ridge. 

The dedifferentiation of the vertebral column in Caudata to a 
string of secondary polyisomeres and the extreme shortness of the 
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column in Saliontia are both specialized conditions quite different from 
the primitive condition in the cmbolomeros and rhachitomes. 

The short rod-lihe ribs of the modern Amphibia are also in marked 
contrast to the long curved ribs of embolomeres. In the latter forms 
the ribs gave the body an oval outline similar to that of their cros- 
sopterygian contemporaries and quite different from the flat depressed 
bodies of the modem frogs and salamanders. 

The undifferentiated, metameric stracture of the cpaxial muscula- 
ture in the Caudata is simply a fimctional adaptation associated with 
retention of the fish-like method of locomotion. The aquatic forms 
swim by lateral undulations of the laterally compressed tail, the legs 
being held against the sides of the body. In crawling on the bottom 
or on land they practically swim over the surface by lateral undula- 
tions of the tmnk, produced by an alternate series of contractions of 
the axial muscles. In this type of motion independent fore and aft 
movement of the legs is not necessary in walking. In all probability, 
according to Watson (1926: 202), this is the type of locomotion char- 
acteristic of the primitive embolomeres. 

In contrast to the simplicity of the epaxial musculature in the sala- 
manders is the complexity of the hypaxial muscles. The latter, in 
some forms, are differentiated into superficial and deep external 
obliques, an internal oblique, a transversus, and a superficial and deep 
rectus. According to Noble (1931: 249), this complexity is related to 
their functions in supporting the viscera and in respiratory move- 
ments. 

The Salientia are even more removed from the ancestral type. The 
lacrymal and prefrontal are never present and the spinal coliunn has 
been reduced to nine free vertebrae, the smallest number in any 
vertebrate. Ribs are absent in the adult but Mookerjee (1930: 170, 
175) has found them in the embryo in Rana temporaria and Bvfo 
melanostictus. The well developed saltatorial hind legs of the frogs 
are also highly specialized and arc quite different from the weak legs of 
the salamanders and embolomeres. According to Noble (1931: 251), 
the superficial epaxial muscles of the frogs have lost their primitive 
function of bending the spine laterally and have assumed the new one 
of holding up the head in jinnping and of bending the vertebral 
column upward in the “warning” attitude. The epaxial muscles are 
also more differentiated than in the Caudata (figuees 3, 4). 

All these differences from the primitive tetrapod condition, as 
represented by the embolomeres, indicate that the modem Amphibia 
are not primitive forms, as held by many anatomists and zoologists. 
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but are really specialized, secondary types. This view is apparently 
held by Noble (1931: 12), who says that in many respects modem 
Amphibia are more specialized than the reptiles. Dr. William K. 
Gregory tells me that he also has suspected this for some time. 

The earliest reptiles were sprawling forms with the head and body 
close to the ground and the legs extending out laterally. With the 
rise of the higher theromorphs and the cynodonts several changes 
occurred. The better developed legs were brought in beneath the 
body to raise it and the neck and head well above the ground. This 
gave the animal a much wider horizon of vision and necessitated the 
development of a more mobile occipito-vertebral joint for turning the 
head on the spinal column, and a longer, more flexible neck for moving 
the head as a whole. The raising of the body and the head from the 
ground was followed by changes in position of the orbits in the skull. 
In aquatic forms the orbits are more dorsal in position but in truly 
terrestrial forms the orbits are more laterally placed, so that the eyes 
are in a better position for surveying the increased horizon. 

In aquatic forms the support of a broad flat skull involves no great 
mechanical problems in view of the buoyant effect of the surrounding 
water. In entirely terrestrial forms, however, support of this type of 
skull for any length of time would be very difficult since the occiput is 
not high enough to provide much area of insertion or leverage for the 
ligaments and muscles supporting and moving the head. The modern 
crocodiles and Caudata, both semi-aquatic forms with broad flat 
skulls, never support the head off the ground for a long period of time. 

In reptiles and mammals the occiput is nearer the primitive embolo- 
mere type and expansion has occurred dorsally instead of laterally as 
in the amphibians. Consequently there is a much larger area for the 
insertion of, and to provide leverage for, the occipital and cervical 
muscles. The vertical expansion of the occiput has been accompanied 
by a similar expansion of the neural spine of the axis. This increased 
height of the axis spine gives greater leverage to the occipital muscles 
arising from it. The efficiency of the occipital muscles was also in- 
creased in other ways by the dorsal expansion of the spinous process 
of the axis and of the occiput. The muscles were increased in length 
as they became inserted higher above the occipital condyles than form- 
erly. This afforded a greater range of contraction, since the distance 
a muscle can contract is directly proportional to the length of its 
flbers. 

The increase in insertion area probably indicates an increased 
number of fibers in the individual muscles with a consequent increase 
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in the force exerted since the latter depends upon the number of fibers 
or the cross-section area of all the fibers. These changes increased not 
only the force but also the amount of work the muscles were able to 
do, because the force is proportional to the volume of the muscle 
divided by the length of its fibers, while the amount of work a muscle 
can do is proportional to the volume. 

The high occiput also increases the effectiveness of the long extensor 
muscles of the neck, since they are inserted nearer the mid-line so 
that the direction of the force of contraction is more in lino with the 
axis of the spinal column. 

The necessity for increased mobility of the head on the vertebral 
column had a more profound effect on the atlas than on the axis. 
These changes have already been presented in some detail in the pre- 
ceding sections but will be briefly reviewed here: (1) the proatlas is 
reduced and finally lost; (2) the atlas spinous process is lost and the 
opposite halves of the neural arch fuse with each other and with the 
atlas intercentrum to form a ring; (3) with the rise of the reptiles the 
anterior facets on the atlas become markedly concave for the reception 
of the ball-Uke occipital condyle; (4) the atlas centrum becomes sepa- 
rated from its neural arches, moves posteriorly to a position between 
the atlas and the axis and finally fuses with the axis centrum to form 
the odontoid; and, (5) prominent lateral processes grow out from the 
sides of the atlas. These changes begin in the early reptiles but attain 
their complete development only in the mammals. 

All reptiles, with the exception of the cynodonts, are monocondylic 
and nearly any type of movement can occur at their occipito-vertcbral 
joint. Consequently the atlas does not become a completely closed 
ring nor the odontoid a perfect peg about which the former can rotate. 

However, the development, in the cynodonts and their descendants 
the mammals, of the bicondylic condition necessitated more changes 
in the atlas, for the reason that rotation was no longer possible at the 
occipito- vertebral joint. To provide for this motion the atlas becomes 
completely ring-like and the odontoid a perfect peg for rotation of the 
atlas and the head. In mammals the atlas also develops large trans- 
verse processes for the obliquus capitis muscles. Atlantar transverse 
processes are absent in typical reptiles. 

The loss of the spinous process of the atlas was necessary, since a 
large spine would not only prevent rotation by colliding with the 
neural spine of the axis, which overhangs the atlas arch, but would 
also limit extension of the head by contact with the occiput. 

In reptiles the chief muscle for turning the head is the obliquus 
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capitis magnus, which aiises from the axial spine and is inserted on 
the occiput. In mammals, however, this muscle has disappeared and 
its functions arc taken over by the obliquus capitis superior and infe- 
rior, These muscles arc fastened to the atlantar transverse processes, 
which protrude far beyond those of the other cervicals and provide 
great leverage for the muscles. 

The splenius also appears, for the first time, in mammals. It may 
have arisen as a superficial epaxial cervical muscle split off from the 
underl 3 dng longissimus capitis. It is not present as such in reptiles but 
in Sphenodon the dorsal part of the longissimus capitis (pars articulo- 
parietalis, Nishi) is in general appearance and in the direction of its 
fibers very similar to the splenius of mammals. 

The fate of the obliquus capitis magnus in reptiles and the origin 
of the obliquus capitis superior and inferior in mammals is uncertain. 
According to Nishi (1919: 242), Varanus has three obliquus capitis 
muscles, magnus, superior, and inferior. However, I was unable to 
distinguish them and apparently they arc simply differentiations of 
the obliquus capitis magnus muscle mass. In Iguana only the obliquus 
capitis magnus appears to be present. 

It has been suggested to me by Mr. Harry Raven that, from this 
condition with a single large obliquus capitis muscle mass, the obliquus 
capitis superior and inferior of mammals could have been derived in 
the following manner. There was first a shift in the attachment of 
some of the fibers of the general muscle mass to insertions on the trans- 
verse processes of the atlas, which at first were very small. The at- 
tachment of these fibers stimulated the transverse processes to hyper- 
trophy, so that they pushed out into the obliquus muscle mass. This 
process continued until the obliquus mass was completely intersected 
and divided into two halves. The cranial half, running between the 
transverse process and the skull, became the obliquus capitis superior, 
while the caudal half, running between the transverse process and the 
spinous process of the axis, became the obliquus capitis inferior. The 
rest of the muscle, running from the neural spine of the axis to the 
skull, disappeared. The oblique position of these muscles is due to 
the continued lateral expansion of the transverse processes of the 
atlas, which carried the attachments of these muscles out to the side. 
This position greatly increases the leverage of these muscles. Chap- 
puis (1877 : 296) earlier had a similar idea. 

Rockwell, Evans, and Pheasant (1938: 104) have recently shown 
that in pronograde tetrapods the weight of the head and neck tends to 
produce flexion of the cervical part of the spinal column and that the 
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neural arches are the tension-resisting elements while the centra arc 
the compression-resisting elements. This is shown in many long- 
necked, heavy-headed forms by the massive centra of the cervical 
vertebrae, which are in marked contrast to the smaller, weaker centra 
of the thoracic and even of the lumbar region. On the other hand, the 
cervical neural arches and neural spines are frequently more weakly 
constructed than the corresponding structures in other regions of the 
vertebral column. The comparative size and development of the neu- 
ral arches and centra in a given region is thus an indication of the rela- 
tive intensity of the compression and tension to which they arc sub- 
jected. 

Bone docs not resist tension as well as ligaments do; hence most of 
the tension in the cervical region is resisted by the ligamentum nuchac 
and the ligamenta flava, both of which contain yellow elastic tissue. 

The atlas-axis complex is subject to the same forces of tension and 
compression as are the other cervical vertebrae. The proatlas, when 
present, and the arch and spinous process of the atlas and axis are the 
tension members, while the centra are the compression members. 

The head, as the result of its position at the end of the neck, is in a 
position of great adverse leverage and consquently its support, as well 
as that of the neck, is quite a problem. Support by muscles alone 
would be unsatisfactory, for in order to hold up the head and neck 
the muscles would have to be constantly contracted. This state 
could be maintained for only a short time and, as soon as the muscles 
became fatigued and relaxed, the head and neck would drop. There- 
fore the support of these parts has been taken over by ligaments, 
chiefly the ligamentum nuchac and ligamenta flava. The ligamentum 
nuchac is a continuation of the supraspinus ligament and is fastened to 
the occiput and the cervical spinous processes, while the ligamenta 
flava, beginning with the space between the axis and the third cervical, 
connects the adjacent neural arches of the vertebrae down to the last 
lumbar vertebra. The tension stresses created by the weight of the 
head and neck are transmitted by these ligaments to the spinous proc- 
ess and neural arch of the axis as well as to those of the other cervical 
vertebrae. Compression stresses in the centra of the atlas-axis 
complex and the other cervicals are produced by the same factor. 
There are no intervertebral discs in the atlas-axis complex, the first one 
being between the axis and the third cervical. 

The axis of the higher reptiles and of mammals is characterized by 
a hatchet-shaped neural spine, while the mammalian atlas is dis- 
tinguished by its complete ring shape, greatly expanded transverse 
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processes, and lack of a spinous process. All these features, as will 
be shown, have a functional significance. 

According to Wolff’s Law, the stresses to which a bone is subjected 
should be represented in the trabecular arrangement of the bone. 
This law applies to all bones and the trabecular arrangement in the 
vertebrae should give an indication of the stresses to which they are 
subjected. Gallois and Japoit (1925: 688) studied the trabecular ar- 
rangement in human vertebrae and concluded that their arrangement 
was in perfect accord with their function. They found three distinct 
systems of trabecular arrangement in the vertebrae, a principal verti- 
cal one and secondary oblique and horizontal ones. The vertical one 
is continuous throughout the centra as though not interrupted by the 
intervertebral disc. It begins in the odontoid process and ends in the 
sacrum. The oblique systems, two to each vertebra, run obliquely 
through the zygapophysis of one side to the opposite side of the cent- 
rum and vice versa. The transverse system runs from the spinous and 
transverse processes into the centrum. The oblique and transverse 
systems are not continuous from vertebra to vertebra. 

The significance of these systems is that the centra are the passive 
elements of the spinal column and principally sustain pressure, while 
the neural arch and its processes are the more active elements and 
principally resist tension. Of course, these forces are reversed in 
different regions of the vertebral column and during various move- 
ments. 

In the cervical region, as noted above, the centra are typically the 
compression-resisting elements and the neural arches, spinous proc- 
esses, and ligaments the tension-resisting elements. 

The odontoid is morphologically the atlas centrum and in the 
higher tetrapods has fused with the centrum of the axis. The vertical 
system of trabeculae, according to Gallois and Japoit (1925: 688), 
begins in the odontoid and is similar to that in the other cervical 
centra. This shows that the odontoid, like the centra behind it, is a 
compression element. 

Therefore in the higher tetrapods, especially in mammals, when the 
atlas becomes completely ring-shaped for the rotation of the head, the 
odontoid must protrude through the atlas ring in order to be in a 
mechanical position to take up the compression stresses transmitted 
to the vertebral column by the skull. At the same time it forms a 
pivot about which the head and atlas can rotate. 

It is now definitely known that muscles can influence the shape of 
bone and Bernhard’s work on the human tibia, quoted by Murray 
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(1936: 78), shows that pressure causes atrophy while tension is respon- 
sible for the formation of crests. It is known also thal muscles exert 
tension at the point of attachment to a bone. 

Now the neural spine of the axis is not only subjected to the tension 
created by the weight of the head, transmitted to it by the ligamentum 
nuchae, but also to that produced by the muscles attached to it. This 
muscular tension is applied to the neural spine of the axis by the recti 
capitis muscles, the obliquus capitis muscles, and the long cervical 
extensors. 

The tension set up by the muscles is not as constant as that due to 
the ligaments and is produced only when the muscles contract. There- 
fore, on the basis of Bernhard’s work, the crest-like character of the 
spinous process of the axis can be explained as the result of tension 
stimuli produced by the muscles and ligaments attached to it. This is 
in keeping with the evidence that tension produces blade-like processes 
on bone. The formation of the neural spine of the axis between the 
powerful oblique and recti capitis muscles may be similar to the 
development of the sagittal crest between the temporal muscles. 

The reduced size of the axis spinous process in man is probably 
correlated with the upiight posture. The head is now more or less 
balanced on the upper end of the vertebral column so that its weight 
is more in line with the vertebral axis than in pronograde animals. 
Consequently there is only a relatively small amount of adverse lever- 
age to resist in supporting the head and the ligamentum nuchae, the 
chief supporting structure of the head, is reduced, thus decreasing 
some of the tension on the spinous process of the axis. 

The head, however, still has to be supported a little by the ligamen- 
tum nuchae, which continues to transmit tension stresses to the neural 
spine and arch of the axis. Although the intensity of these stresses is 
greatly reduced in comparison with those in a heavy-headed prono- 
grade animal, it is almost constantly present. The tension stresses set 
up by the muscles are present only when the muscles contract. There- 
fore, in keeping with the reduced stresses to which it is subjected, the 
spinous process of the axis has also become reduced in size and height. 

Augier, quoted in de Beer (1937 : 489), has come to the conclusion, 
from his work on the human subject, that a process, excrescence, or 
crest developed by a bone arises around the point of insertion of a 
muscle instead of at the point of insertion. Thus the muscle lies in a 
depression. This conclusion is supported by the condition in some 
fossil forms, e. g., Diadedes, on the occiput of which are well marked 
depressions for the insertion of the occipital muscles. 
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Augier's conclusion, in the light of Bernhard’s work, would seem to 
indicate that the tension exerted by a muscle at its point of attach- 
ment to a bone is greater at the periphery of the muscle than at the 
center, since the crest is formed around the circumference of the de- 
pression. 

The true significance of the proatlas has always been a knotty 
morphological problem and several theories, summarized by Goodrich 
(1930: 69) and Williston (1925: 101), have been advanced to account 
for it. Albrecht named it under the impression that it was the vestige 
of a vertebra almost completely crushed out between the skull and the 
atlas. Barge considered that it was the arch of the cranial half- 
sclerotome that forms the atlas arch. Baur held it to be the repre- 
sentative of a vertebra fused with the skull in reptiles, and Jaekel 
thought that the centrum of the proatlas was really the intercentrum 
of the atlas. Other theories are that it is a 'neomorph’ of no special 
significance; that it is the vestige of the neural arch of a vertebra 
intercalated between the skull and the atlas, the centrum of which 
has either been lost or fused with the skull or odontoid; or, that it is a 
separated spine of the atlas. 

The theory that seems most probable to me is that it is the arch of a 
vertebra intercalated between the skull and the atlas, the centrum of 
which has been lost. My reason for accepting this interpretation is 
based on the condition in Spkenodon, the most primitive living reptile, 
as described by Howes (1890: 358). According to him the proatlas 
articulates with the skull and in its relations to the epaxial musculature 
it repeats the conditions of the atlas. It is, like a normal vertebra, 
buried in the occipito-atlantar ligament of the vertebral column and 
its separation in the dorsal mid-line is just an exaggeration of that so 
characteristic of the atla.s in Sphetiodon, Crocodilia, and many other 
Sauropsida. Its arches are also preformed in cartilage. Its great 
resemblance to the atlas arch in many respects would seem to be good 
evidence for considering it the vestige of a neural arch between the 
atlas and the skull. 


SUMMARY 

1. A definitive neck first appeared in the Amphibia with the separar 
tion of the pectoral girdle from the skull and its later posterior migra- 
tion. 

2. In typical bony fiish the first two vertebrae are only a little 
different from those succeeding them and there is no definitive atlas- 
axis complex. In these forms the functions performed by the atlas- 
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axis complex in tctrapods — ^namely, the attachment of the skull to the 
column and the providing of a central point on which the head moves, 
are performed by the first or first few vertebrae. 

3. With the rise of the Amphibia the initial stages in the develop- 
ment of an atlas-axis complex occur and there are indications of a 
division of labor in the first two vertebrae. This is more noticeable in 
the primitive forms, e. g., Eryops, in which the atlas-axis complex is 
quite distinct from the vertebrae behind it. The atlas is never ring- 
like and in the early forms the opposite halves of the neural arch and 
spine are separate and inclined posteriorly so as to grasp the neural 
spine of the axis. The neural arch, intercentnim, and centrum of the 
atlas have the normal relations to each other and there is a well de- 
veloped proatlas between the occiput and the atlas. 

4. The later fossil and the modem Amphibia are secondary, spe- 
cialized forms in which the opposite halves of the neural arch of the 
atlas have united with each other and are fused with the centrum. 
The proatlas is lost, an odontoid process is developed on the cranial 
end of the first vertebra, the transverse process has disappeared and 
the spinous process is reduced to a low ridge. In modern Amphibia 
the first vertebra is the only cervical and rotational movements of the 
head occur at the occipito-vertebral joint. 

5. In reptiles the tendency for the atlas to become a ring is initiated, 
although in most of them the opposite halves of the neural arch arc 
still separate. The spinous process and transverse processes of the 
atlas are gradually reduced in size and finally disappear, while the 
neural arch fuses with its intercentrum. Even in the earliest reptiles, 
e. g., Seymouria, the atlas centmm has moved back into the position 
of an odontoid, although it does not become fused with the axis until 
the later forms arise. The spinous process of the axis gradually in- 
creases in size and finally attains the hatchet-shape so characteristic 
of the higher amniotes. In modem reptiles there is some rotation of 
the atlas about the odontoid but there is not the perfect ring and pivot 
found in mammals. 

6. In mammals the atlas becomes completely ring-shaped, the 
neiu'al spine is lost, and large, expanded transverse processes are de- 
veloped. The atlas centmm becomes completely fused with the axis 
to form the odontoid, about which the head and atlas rotate. The 
hatchet-shaped character of the nemral spine of the axis is retained in 
typical mammals. In mammals tme rotation of the head occurs at 
the atlanto-axial joint, while the occipito-vertebral joint serves 
primarily for flexion and extenaon movements of the head. 
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7. Ribs were originally present on both the atlas and the axis, but 
they are lost in the higher tetrapods. 

8. The modern Caudata and Salientia were shown to be specialized, 
secondary types and not primitive. 

9. The ancestral tetrapod, represented by the embolomeres, had a 
high skull. This type is retained by most mammals and reptiles while 
the later fossil Amphibia and the modern ones, except the Caecilia, 
have flat skulls. 

10. A flat atlas-axis complex is usually associated with a flat skull. 
An atlas-axis complex with a high spinous process on the axis is 
associated with a high skull. 

11. The ancestral tetrapods had a single, tripartite occipital condyle 
in which the basioccipital bone was the dominant element. This is 
essentially the condition in modern reptiles. The later Amphibia 
became bicondylic by the gradual loss of the basioccipital bone. The 
cynodonts foreshadowed the mammals by emphasizing the exoccipital 
portion of the condyle and became practically bicondylic functionally. 

12. The mammals are completely bicondylic with separate convex 
condyles from which the basioccipital has been withdrawn. However, 
it is retained as a skull bone. The bicondylic condition was shown to 
be stronger than the monocondylic condition of typical reptiles. The 
protrusion of the odontoid through the atlas ring is necessary in order 
to put it in a position to take up the compression shocks coming to 
the vertebral column through the skull. The odontoid is shown to be 
a pressure resisting element by the arrangement of its trabeculae. 

13. A short, phylogenetic review of the epaxial musculature from a 
primitive living vertebrate, Petromyzoriy to the tetrapod stage of 
evolution is presented. 

14. The condition and function of the occipital and cervical muscles 
in recent types is discussed. A similar discussion for the same muscles, 
as restored by the author and other workers has been presented. 

15. The movements permitted by the atlas-axis complex of the 
various forms and the checking effects of the ligaments are discussed. 

16. It has been shown that a high occiput and spinous process on 
the axis increased the efficiency of the occipital muscles and the amount 
of work they could perform. 

17. The influence of muscles on the shape of bones is discussed and 
on that basis an explanation is offered for the characteristic hatchet- 
shaped spinous process of the axis in higher reptiles and in mammals. 

18. An explanation is advanced to account for the origin of the 
transverse processes on the mammalian atlas and for the superior and 
inferior obliquus capitis muscles. 
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19. The reduced size of the neural spine of the axis in man is shown 
to be due to decreased tension stresses to which it is subjected. 

20. The proatlas is the neural arch of a vertebra, the central ele- 
ments of which are lost. 
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INTRODUCTION TO THE CONFERENCE ON 
ELECTROPHORESIS 

By D. a, MacInnes 

From the Laboratories of The Rockefeller Instituie for Medical Researchf New York 

Since the discovery, by Reuss in 1808, of electro-osmosis, a vast 
amount of research has been carried out in the general field of electro- 
kinetic phenomena. The progress of discovery in the field has, how- 
ever, been far from steady. Advances came about because of develop- 
ments in other branches of physical science, and, more particularly, 
on account of the appearance of especially able investigators. As a 
matter of fact there was little activity in the investigation of electro- 
kinetic phenomena until the middle of the nineteenth century. De- 
riving impetus from the methods and discoveries of Faraday a number 
of the classical researches were carried out at that time. For instance, 
Wiedemann made a quantitative study of electro-osmosis, and was 
followed by Quincke by a few years in important researches in that 
subject and the closely related one of streaming potentials. This 
active worker also made what appear to be the first experiments with 
electrophoresis (or cataphoresis), the subject of this conference. It 
was early observed that electrokinetic phenomena have considerable 
biological interest. Indeed the investigators were in many cases 
biologists, though the division of scientists into genera and species 
had not progressed as far as is the unfortunate state of things today. 
It is of interest that almost from the beginning the phenomena were 
interpreted in terms of what is now called the ‘‘zeta potential.’^ It 
would thus appear to be a natural and useful hypothesis, although, 
the magnitudes and even the existence of such potentials are the 
subject of vigorous discussion at the present time. 

By far the most important theoretical studies in the field of electro- 
kinetic phenomena were carried out by Helmholtz. His paper, pub- 
lished in 1879, contains the equations used in interpreting the phe- 
nomena that are still in use today. His discussions contain, to a greater 
extent than is generally realized, the beginnings of the theories that 
have excited us in recent years. I refer especially to the concept of 
the diffuse double layer later developed by Gouy, and Debye and 
Huckel. 

The other great theoretical worker in the field of electrokinetic 
phenomena was Smoluchowski, who, at the end of the nineteenth 
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century, subjected Helmholtz's ideas to a careful re-investigation, 
which established their essential validity. 

Experimental work in the field of electrokinetic phenomena is 
especially difficult, due mainly to the fact that surfaces, with which 
the phenomena are largely concerned, are notoriously non-reproduci- 
ble, making it difficult to obtain the same quantitative results in 
different laboratories, or even for a worker to repeat his own experi- 
ments and obtain the same figures for the results. While yet far from 
being as exact as some other branches of physical science much 
headway has been made in the last few years in the direction of the 
accumulation of more precise numerical data. 

The conference for which the following papers arc a permanent 
record would certainly not have been organized except for the recent 
appearance of the papers, by Arne Tiselius, on the study of proteins 
by the electrophoretic method. The utility of these methods in the 
whole range of biological research became immediately evident, and 
excited general interest in a field known, up until recently, only to a 
few scattered enthusiasts. Tiselius' accomplishment is, however, 
based, not upon a sudden or chance discovery, but upon long years of 
patient investigation of the phenomena of electrophoresis, and a clear 
understanding of the underl3dng electrochemistry. Because of this 
growth of interest and the increasing importance the subject will 
surely attain in the future it seemed worth while to consider the sub- 
ject of electrophoresis from all the available points of view. The 
monograph in the reader's hand is the result of the conference that was 
arranged under the direction of the newly organized section of physics 
and chemistry of the New York Academy of Sciences. 

A few words may be worth while concerning the ideas underlying 
the organization of the conference. It has appeared to the author and 
some of his associates that the older scientific societies, useful and 
effective as they are, fail in certain important respects. Due to 
crowded programs, not to mention crowded rooms, and the fact that 
they are in general organized around one branch of science, they fail 
to provide opportunities for the unhurried discussions of topics 
interesting to scientists representing a wide range of activities. This 
conference on electrophoresis was therefore arranged to provide (a) 
a short program of papers dealing, from widely different points of 
view, with the subject of electrophoresis, (b) ample time for discussion, 
and (c) an invited audience, limited to those capable of taking part in 
the discussions. It is of considerable interest that the selection of 
speakers and audience cut right across the usual divisions of physical 
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science. The conference was fortunate in bringing together mathe- 
matical physicists, physical chemists, chemists, and biologists, includ- 
ing those mainly interested in thcoiy and those doing active experi- 
mental work. Although the writer had much to do with the organiza- 
tion, he feels free to repeat the statements of others that the conference 
was successful in accomplishing what it set out to do, and that it 
might well serve as an example to be followed, with necessary modifi- 
cations, for the projected conferences under the Section of Physics and 
Chemistry of the New York Academy of Sciences. 




THEORY OF ELECTROPHORETIC MIGRATION 

Bt Hans Mueller 

From the George Eastman Research Lahoraiortes, Massachiiseits Institute of Technology 
Cambridge^ Massajchusetts 

Although the first discovery of electrophoretic effects was made over 
a hundred years ago by Reuss^ (1808) we have not yet a theory to 
explain the observed facts in a completely satisfactory manner. All 
electrophoretic phenomena, i. e., the migration of colloidal particles 
in an electric field, electro-osmosis and streaming potentials, result 
from the existence of electric potential differences across interphasial 
boundaries. The formulation of a rigorous theory of electrophoretic 
migration is hampered by the fact that we have very little information 
about the molecular structure of surfaces and about the origin of the 
interphasial potentials. The theory, therefore, must rely on certain 
hypothetical assumptions and will be subject to changes until the 
structure of surfaces is better understood. 

The first theory of electrophoretic migration is due to Smoluchowski^ 
(1903). It is based on the assumption, first introduced by Helm- 
holtz® (1879), that the potential difference is due to a very thin and 
rigid electric double layer. In 1909 Gouy^ pointed out that thermal 
motion does not permit the formation of a rigid layer of electric 
charges. His theory of the diffuse double layer was taken up later by 
Chapman® and Stern® (1924), but its full importance was realized only 
after Debye and Hiickel^ (1924) furnished a broader foundation for 
Gouy's theory. Since 1924 the Dcbye-Hiickel theory of strong 
electrolytes has played the dominant role in all questions of inter- 
phasial potentials and electrokinetic phenomena. In order to adapt it 
to the problems of colloidal physics it was found necessary to general- 
ize and modify it in some points. This work has led to a much clearer 
understanding of many problems of electrophoretic migration, but 
it has not furnished the answer to all questions. 

In presenting a short review of the present state of the theory it 
appears therefore appropriate to point out not only its successes but 

iReuss, F. F. Mem. Soc. Imp. des Naturallstes de Moscou 2: 327. 1809. 

2 Smolnchowski, M. Krakauer Anz. 183. 1903. Also in Or&tz. Handbuch d. Elek- 
tiizitdt u. d. Magnetismus 2 : 366. 

3 Helmholtz, H. Wied. Annalen 7: 337. 1879. Mem. Lond. Phys. Soc. 1888. 

<Gouy, Q. Compt. Rend. 149: 654. 1909. J. d. phys. 9: 457. 1910. Ann. phys. 7: 

129. 1917. 

6 Chapman, B. L. Phil. Mag. 25 : 475. 654. 1909. 

B Stern, O. Z. Elektrochem. 30: 508. 1924. 

7 Debye, P., & Huckel, E. Physik. Z. 24: 185. 805. 1923. 
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also its deficiencies. The theoretical work centers around three major 
problems. The first is the dynamics of electrophoretic migration, the 
second has to deal with the origin and structure of the electric double 
layer, and the last concerns the relation between migration speed of 
colloidal particles and the stability of colloids. 

Dynamics of Electrophoretic Migration 

The best known and most extensively investigated type of electro- 
phoretic migration is that of a solid colloidal particle in an acqueous 
solution. We will consider here this typical example and assume the 
particle to be a sphere of radius 22. In order that a particle can 
migrate under the influence of an electric field it must satisfy only one 
essential condition, namely, it must be at a different electrical 
potential than the surrounding liquid. Now Poisson's law of electro- 



statics states that a potential drop can exist only if an electric charge 
of density p is present. Equation (1) determines the distribution p(r), 
of the charges in the liquid if it is known how the potential (p(r) de- 
creases from its value at the surface (r = 22) to the value 0 in the 
liquid. X, is the electrokinetic potential. D is the dielectric constant 
of the liquid. Since the total charge must be zero the outer" charges 
in the liquid are compensated by a charge Q of the particle, whereby, 
according to Equation (1), 

Q - (2) 

A priori, this ''inner" charge Q might be located anywhere within the 
particle, but it is generally assumed that it is spread in a layer over 
the surface. The inner charge Q and the outer charge distribution p 
are of opposite signs and are said to form an electric double layer. 
Helmholtz assumed that the outer charges were concentrated in a 
single layer at a definite distance t from the surface. This thickness t 
of the double layer was assumed to be of atomic dimensions (10”^ cm). 
The Gouy-Debye theory shows that the outer layer consists of an 
ionic atmosphere in 'which the charge density p and the potential <p 
decrease gradually from a large value near the suface and extend over 
a range of about 10”^ cm. in dilute solutions. The thickness of such a 
diffuse double layer is defined as that distance t of separation of an 
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equivalent Helmholtz layer of charge Q which would produce the 
same potential drop as exists in the diffuse layer. 

If the outer charges were missing the velocity of the particle in an 
electric field X would be given by Stokes' law 


u 


QX 

GxTQi^ 


(3) 


This law takes into account only the viscous resistance of the hydro- 
dynamic currents which are created by the motion of the particle. 
The presence of the outer charges alters these currents because these 
charges are also influenced by the electric field. They move in the 
direction opposite to that of the particle. They create therefore an 
additional counter-current of the surrounding liquid and thus the 
particle meets an increased viscous resistance. Hence the velocity of 
the particle will not be u but 


V = u + V 


(4) 


The (negative) change of velocity v which is due to ^‘electric friction" 
can be estimated as follows. Consider within the liquid a thin spheri- 
cal shell of radius r and thickness dr. This shell contains a portion 
dQ = 4xr2pdr of the outer charge. If dQ were the only charge present 
the shell and its interior would gain a velocity 

Gxnj 6x7) 


The additional electrophoretic current of the liquid can therefore be 
found if one takes into account that each moving shell imparts its 
velocity to its inner neighbor. A shell at a large distance (r = oo, 
p = 0) stays at rest, while the innermost shell has a velocity equal to 
the sum of all increments dv; hence 


V 



dr = — j- (r(p),. 
6xtq dr 


In the above integration we have made use of Equation (1). The 
innermost shell is assumed to adhere to the particle and impart to it 
the same additional velocity v. The above result can also be written 




u -f 


DXX, 

6xtq 


because it follows from Equation (2) that R 




A 

DR 


and hence 
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the first term has the same magnitude as u defined in Equation (3). 
By introducing this result in Equation (4) wo find for the electro- 
phoretic migration speed 


V 


u + V 


DXX, 

6xiq 


( 5 ) 


This is the electrophoretic migration formula of Debye and HiickeL® 
The above derivation is due to Onsager.® According to this equation 
the migration speed is determined by the electro-kinetic potential 
and does not depend on the charge distribution within the double 
layer. It should therefore be valid for a rigid double layer as well as 
for a diffuse one. If this result were correct it would be impossible 
to decide from electrophoretic measurements whether the Helmholtz 
or Gouy theory is applicable. 

There are, however, many reasons to believe that the above equa- 
tion is not generally valid. It differs from the result of Smoluchowski’s 
theory, which gives for an arbitrary shape of the particle 


V = 


DXX, 

4xiq 


(50 


According to Hiickel this equation should be correct only for needle- 
shaped particles or for electro-osmosis in capillaries, while for other 
particles the numerical factor should depend on the shape of the 
micelles. From the work of Abramson^® we know that this conclusion 
does not agree with the facts. Particles of different shapes have the 
same migration speed if they have identical surfaces and if the double 
layer is thin in comparison with the dimensions of the particles. 

Mooney^^ and Henryk® have pointed out the deficiency of the Dcbye- 
Hiickel equation. In the above derivation wc have assumed that the 
electric field X is everywhere constant, and that all parts of any 
spherical shell could move with the same velocity in the same direction. 
This assumption is wrong because the presence of the particle forces 
the electrical and the hydrodynamical currents to flow around the 
micelle. These effects, due to the finite size of the particle, can be 
neglected only if the micelles are very small in comparison to the 
thickness of double layer. The Debye equation (5) is therefore valid 
only in the very rare cases of extremely small particles in very dilute 

« Debye, P., & Htickel, E. Physdk, Z. 25 : 49. 204. 1924. 

sOnsager, L. Physik. Z 27: 388. 1926. 

10 Abramson, H. A. Jour. Phys. Ohem. 35 : 299. 1981. Also *Electrokinetic Phenomena* 
Ghem. Catalog Go. 1934. 

Mooney, M. Jour. Phys. Ohem. 35: 331. 1931. 

» Henry, D. C. Proc. Boy Soc. (London) A. 138: 106. 1931. 
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solutions. For the other limiting case, where the range of the double 
layer is small in comparison to the radius of the particle, Henryk* has 
derived the equation 

( 6 ) 

6xtq 

where X depends on the electrical conductivity of the micelle. 

For non-conducting particles X has the value and Henry there- 
fore comes to the conclusion that Smoluchowski's equation (5') 
should be valid in most cases. Deviations from this equation must 
occur if the radius of the particle is of the same order of magnitude as 
the thickness of the double layer. In this case the numerical factor 
will vary between 4 and 6; it will depend on the charge and on the 
shape of the particle. For conducting particles Henry’s equation (6) 
is probably not valid. 

Smoluchowski’s, Debye and Huckel’s, and Henry’s derivations of 
the migration formula are based on the assumption that the motion 
of the particle does not alter the charge distribution in the double 
layer. For dielectric micelles there is no reason to expect a change of 
the '‘inner” charges. For conducting particles, however, the electric 
current might alter the conditions on the surface. The outer diffuse 
layer will always be affected by the hydrodynamic flow. During the 
migration of the particle this flow brings new ions into the neighbor- 
hood of the surface and carries other ions away from the micelle. 
Thus the outer layer is continually destroyed and rebuilt. The new 
ions require a certain time to adjust their distribution to the electric 
field distribution, and the ions which are carried away retain their 
distribution for a short time. Due to this retardation effect the outer 
layer becomes asymmetric and exerts an electric force on the inner 
charges which reduces the migration speed of the particle. Paine^® 
(1932) and more recently Hermans (1938) have calculated the magni- 
tude of the relaxation effect. In most cases it is small, but in his latest 
paper Hermans^^ finds that under favorable conditions the effect can 
alter the migration velocity by as much as 25%. 

It is partly due to this retardation effect and partly due to the fact 
that Smoluchowski’s equation contains the dielectric constant D and 
the viscosity iq of the liquid, that the theorist is reluctant in accepting 
it as a rigorous solution of the problem. The use of the macroscopic 
constants D and rj has frequently been criticized but no satisfactory 
alternative has been given. Smoluchowski’s equation is better 


w Paine, H. H. Proc. Cambridge Phil. Soc. 28 : 83. 1932. 

It Hermans, J. J. Phil. Mag. 25 : 426. 1938. 26 : 650. 1938. 
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justified than any other, but it is questionable whether the absolute 
values of the X, potentials, as obtained with the help of this equation 
from migration speed measurements, are accurate. 

The Electric Double Layer 

While the existence of electric double layers in interphases between 
solids and liquids can be taken as an established fact, very little is 
known about the causes for its existence. We can easily understand 
how the outer layer is formed when the solid surface carries a charge, 
but the primary question: Why and how is the solid charged? is much 
more puzzling. Not only is it most improbable that a single answer 
could be given which would fit all cases, but there are very few inter- 
phases for which any one of the proposed answers has been generally 
accepted. In most cases we have good evidence that these surface 
charges are ions, or that the colloidal particle themselves are ions, but 
it does not seem impossible that in some cases the charge is due to a 
transfer of electrons from the solid to the liquid, or vice versa. It is 
not definitely known what forces are responsible for holding the ions 
to the solid. At various times they have been assumed to be Van der 
Waals forces (adsorption), valency forces (chemical binding) or lattice 
forces^® (theory of potential determining ions). The recent progress 
of the theory of the electronic structure in metals and insulators and 
of the theory of liquids opens a good prospect that a more specific 
answer can soon be given. 

Various methods have been used to estimate the electric charge 
density in the inner layer. All lead to the conclusion that the average 
distance between the ‘^adsorbed” ions is about to 10“^ cm., i. e., 
less than 1% of the atoms on the surface are charged. This distance 
is only about 10 times smaller than the average thickness of the double 
layer. Consequently the double layer can not be as homogeneous as 
we usually like to assume. The potential varies along the surface and 
what one measures in the experiments is an average value. This 
average can be considerably smaller than the potential of the ‘‘ad- 
sorbed” ions. It is therefore not surprising that the Nernst potential 
£, which measures the work needed for removing an ion from the 
surface, is always much larger than X,, This argument, however, is not 
sufficient to explain the fact that e and X^ can have different signs. 

Before the advent of the theory of the diffuse double layer and 
Debye^s theory of strong electrolytes, all changes of the potential were 
ascribed to changes of the “adsorbed” charges. The newer theory can 

16 Verwey, S. W. J. Symposium on Hydrophobic Colloids. Centenos, Amsterdam. 1938. 
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explain a large part of the potential variations as due to changes in 
the outer layer. But they do not explain all variations and we must 
assume that the concentration of the surrounding electrolyte influences 
the magnitude and sign of the inner charges. 

Debye’s theory explains the formation of the outer layer as follows: 
If the charge of the inner layer is positive, the negative ions in the 
liquid are attracted to the surface and the positive ions are repelled. 
Thus a predominantly negative ‘rionic atmosphere” is created. The 
outer charges do not form a single layer, as Helmholtz had assumed, 
because the energy ze(^ of attraction or repulsion usually is smaller 
than the kinetic energy kT oi the ions. This is certainly true in the 
outer parts of the outer layer where the potential 9 approaches the 
value 0. In the range where 2^9 is not much larger than kT the ions 
can move freely, but the negative ones linger for a longer time near the 
surface than do the positive ions. The calculation of the charge dis- 
tribution in the diffuse double layer is therefore a statistical problem. 
Its solution is obtained by using Maxwell-Boltzmann’s principle which 
gives the distribution of charges in a potential field. This principle 
furnishes therefore a second relation between 9 and p, the first being 
Poisson’s equation (1). The two relations permit the calculation of 
potential and charge distribution in the outer layer. 

The theory of the diffuse double layer leads to the conclusion that 
the effective thickness of the diffuse double layer and hence also the 
potential diminish if the concentration c of the electrolyte is increased. 
For very small concentrations the outer layer must quite obviously be 
very thick to be able to compensate the charges on the particle. In 
certain selected cases it is possible to account for the observed (c) 
curves by assuming that the charge of the particle is unchanged and 
that the variations are due only to changes of the outer diffuse layer. 
No calculations of this type are really convincing because they involve 
the assumption that the absolute values of C are known. They prove, 
however, that the changes of the outer layer have a great infiuence on 
the X, potential. 

The second satisfactory feature of this theory deals with the influ- 
ence of the valency of the ions on the X, potential. The larger the ionic 
charges the larger are the electric forces between them and the inner 
layer and the fewer ions are needed for charge compensation. Hence 
the effective thickness of the double layer and with it the ^ potential 
diminish rapidly as the valencies increase. The experiments confirm 
this general conclusion, but they also show that the approximations of 
Debye’s theoiy are not valid for colloids. Debye and Hiickel assumed 
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that the electric potential energy zetp is always smaller than their 
kinetic energy fcT. If this were true for the ions in the double layer, 
the ^ potential should follow the ionic strength principle. This princi- 
ple states, for instance, that a 1-3 valent electrolyte should have the 
same effect on the potential as a 3-1 valent electrolyte. The experi- 
ments do not verify this. This fact is of importance because it proves 
that the X, potentials as calculated from Smoluchowski's equation are 
of the correct order of magnitude. For z > I their values are indeed 
so large that zeX^ is usually greater than kT and Debye’s approximation 


can not be expected to hold. If in the equation V = 


DXX, 

Cri 


the factor 


C would be appreciably smaller than Smoluchowski’s 4x it would be 
difficult to understand the failure of the ionic strength principle. 

The differential equation of the diffuse double layer can be solved 
without resorting to Debye’s approximation. The first solution was 
given by Gouy for a plane surface, the writer^® (1928) developed a 
graphical solution for a spherical double layer and Gronwall, La Mer 
and Sandved^^ (1929) gave an analytical solution. This work predicts 
deviations from the ionic strength principle which are in good qualita- 
tive agreement with the observations.^® This fact offers some justi- 
fication for applying the laws of the diffuse double layer not only to its 
outermost parts but also to its inner range where C approaches its 
maximum value <p. On the other hand, it must be pointed out that this 
extrapolation may have little justification. In the immediate neigh- 
borhood of the solid surface the physical conditions are extremely 
complicated, the electric field strengths become very high, the ordinary 
macroscopic concepts have no definite meaning, and the fundamental 
assumptions of Debye’s theory (complete dissociation) are likely to 
break down. The structure of this innermost layers is a matter of pure 
speculation. The most commonly accepted view is that of Stern,® 
who assumes the existence of an intermediate layer between the particle 
and the diffuse layer. This Stern-layer adheres to the particle. In 
Stern’s theory the I potential is therefore not the average potential of 
the particle but that on the outer boundary of the Stern layer. This 
assumption serves to explain the difference between the e and X, po- 
tentials, but there is no direct experimental evidence for the existence 
of this intermediate layer. 

In summarizing it may be said that the theory of the diffuse double 


Mueller, H. KoUoidchem. Beihefte 26: 267. 1928. Cold Spring Harbor Symposia 
1: 1, 9. 1933. 

Gronwall, T. H., La Mer, V. K., & Sandved, K. Physik. Z. 29: 358. 1928. 

18 See discussion on Colloidal Electrolytes. Trans. Faraday Soc. 31: 1935. 
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layer, though it has contributed a great deal to the theory of electro- 
phoretic migration, is not able to predict the changes of the migration 
speed with variations of the electrolyte concentration. A theory of 
these changes can only be given when we know more about the origin 
of the ''adsorbed” charges. A solution of this problem may solve also 
the questions concerning the structure of the immediate neighborhood 
of the surface. 


The Stability of Hydrophobic Colloids 

It is well known that the stability of a hydrophobic colloid is closely 
related to the migration speed of its micelles. Coagulation usually 
sets in when the X, potential drops below a critical value, but there are 
exceptions to this rule. On the other hand, the coagulation of a hydro- 
phobic colloid is not reversible, i. e., the coagulate is not peptised 
through an increase of the potential. This behavior is usually ex- 
plained as follows. Uncharged particles would always adhere because 
they are attracted by Van der Waals forces. Since these forces have 
a very short range the particles have to come very close together be- 
fore they attract each other. The electric charges of the particles and 
of their double layers create repulsive forces between the micelles. 
These electric forces have a larger range than the Van der Waals 
forces, and their intensity is supposed to increase with the ^ potential. 
Therefore, if the C potential is high the particles can never approach 
each other sufficiently closely to come under the influence of the 
attractive forces, and the coUoid is stable. The electric forces con- 
stitute a potential barrier. For low X, potentials this barrier is low and 
the particles have sufficient kinetic energy to cross it. Hence they 
will coagulate under the influence of the attractive Van der Waals 
forces. If afterwards the barrier would be raised again by an increase 
of the X, potential, the chances for a separation of the particles are even 
smaller than before when the barrier was low, 

Hamaker^® (1936) has calculated the Van der Waals forces and has 
given an estimate of the electrical forces between colloidal particles. 
His conclusions, which support the above qualitative discussion, have 
recently been challenged by Langmuir^® (1938). A somewhat differ- 
ent point of view Is contained in a paper by Levine.^^ This writer has 
made a more elaborate calculation of the electrical forces between the 
diffuse double layers of two colloidal particles. He finds that they 

Hamaker, H. C. Symposium on Hydrophobic Colloids. Bee. trav. chlm. 67:61. 1938. 
so Iiangmoir, I. Jour. Ohem. Phys. 6 : 873. 1938. 

SI Levine, S. Proc. Boy. Soc. (London) A941: 146. 1939. The author had the privilege 
of reading this manuscript before its publication. 



120 


ANNALS NEW YORK ACADEMY OF SCIENCES 


lead to an attraction at large separation. However, if the particles 
come at a distance smaller than the thickness of the double layer, this 
force becomes a repulsion and creates stability of the colloid in a 
■«!iTni1fl.r way, as in Hamaker’s theory. The attraction of the particles 
at large distance of separation comes about as follows. The total 
electrical force between the two particles can be considered as the 
combination of four forces: a) A repulsion between the adsorbed 
charges on the two particles, b) a repulsion between the charges in the 
two diffuse layers, and e) two attractive forces between the inner 
charges of one particle and the outer charges of the other. For very 
large separation the resultant of all four forces must be zero; with a 
closer approach all forces will increase but when the two double 
layers begin to overlap the repulsive force (b) will increase less than 
the other forces and hence the balance of the forces is disturbed and 
gives rise to an attraction. For a still closer approach, when the inner 
charge of one particle penetrates the double layer of the other the 
attractive forces (c) are strongly diminished, and the resultant becomes 
a repulsive force. 

According to Levine’s theory, the colloidal particles should have a 
preferred distance of separation. Usually they can not stay in this 
preferred position, due to the temperature motion, but under excep- 
tional circumstances they can assume a regular arrangement. These 
considerations may possibly lead to an understanding of the formation 
of “tactoids'’ and the structure of “thixotropic” colloids. 

We have left out in these discussions the interaction between the 
micelles and the solvent. These interactions are certainly of great 
importance in lyophilic colloid. It is questionable whether they can 
be neglected in the hydrophobic sols. We evidently have still a long 
way to go before we know all the factors which determine the behavior 
of colloids and can give a satisfactory theory of the electro-kinetic 
phenomena. 



THE DETERMINATION OF THE ELECTRICAL 
CHARGE OF SURFACES BY THE MICRO- 
SCOPIC METHOD OF ELECTROPHORESIS 

By Harold A. Abramson 

From the Sermce of Dr, George Baehr and the Laboratories of the ML Sinai Hospital, 
and the Department of Physiology, College of Physicians and Surgeons, 
Columbia University, New York City 


INTRODUCTION 

With few exceptions the surfaces of all particles suspended in aque- 
ous media bear an excess of negative or positive electricity. For this 
reason, red blood cells, bacteria, spirochetes, oil droplets, particles of 
quartz, protein and even air bubbles almost invariably migrate if an 
electric field of sufficient strength is applied. The movement of these 
particles is readily observed and measured by means of ordinary 
microscopic equipment. The speeds of fairly large oil droplets, sur- 
prisingly enough, may be greater than those of ordinary ions. For 
example, oil droplets 1 x 10"^ cm in radius suspended in sodium hy- 
droxide solution have electric mobilities /as^cr than sodium ions} It is 
remarkable to observe directly, microscopic particles which move with 
high speeds in comparatively low electric fields of 5 to 10 volts per cm. 
In a field of 10 volts per cm, charged oil droplets can cover distances 
of 1.0 cm in less than two minutes. Two quantities of importance in 
the comprehension of the phenomena of surface chemistry and surface 
electricification may be calculated from the electric mobilities meas- 
ured by the microscopic method of electrophoresis. The first is the 
electrokinetic potential, the second is the net charge density, c, of 
the surface. 

According to the Helmholtz theory, the dependence of on the 
mobility v is given by the expression 




4xif) 


( 1 ) 


where tq, the coefficient of viscosity, and D, the dielectric constant of 
the double layer, approximate their values in the bulk of the liquids.® 
Units are c.g.s. electrostatic. 


1 Abramson, H. A. Am. Jour. Physiol. 97. 1931. 

2 Smolnchowski, M. **Handbnch der Electricit&t und des Magnetisimus," Barth, 
Leipzig 2 : 366. 1921. 
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Note that cr, the density of the electric charge of the surface, does 
not appear in equation (1). Evidently if our study of surface electri- 
fication is to be more complete, the relationship between the charge 
density and the mobility must also be known. Fortunately this re- 
lationship is not only known but also, by the application of this 
theory, important generalizations may be made concerning the way 
the charging process of non-ionogenic surfaces varies with change in 
the salt content of the medium.^ 

If the concentration of an aqueous solution of potassium chloride is 
increased, the electric mobilities of the ions, and CZ”, decrease. 
This typical decrease in the ionic electric mobility, v, is depicted in 
figure 1, where the change in with the molar concentration, c, of 
potassium chloride is given. Compare figure 1 with figure 2 which 



FiGuitx: 1. Sdiema giving change in the FiatrBis 2. Typical curve showing effect on 
electric mobility of an ion with increasing 9 of increasing the concentration of a simple 
concentration of the electrolyte. salt. 


is a typical or v-c curve. Note that a maximum occurs before the 
decrease in mobility due to the addition of salt. The case of ionic 
electric mobility in figure 1 represents the ideal case in which the 
charge remains constant while the electric mobility changes. 

In the cases of non-ionogenic surfaces the problem becomes more 
general in nature, for we must deal with particles having diameters 
from the order of 1 X cm to those of the order of macroscopically 
visible particles, including flat surfaces. The charge of the simple ion 
as has been mentioned, remains constant as vr+ decreases. 
This is by no means the case with non-ionogenic surfaces.^ The net 

3 Abramson, H. A. Jour. Phys. Chem. 39 : 749. 1985. 

< Qouy, L. Jour. Phys. 9 : 467. 1910. 

Gyemant, A. “Grundzuge der Kolloldphyslk** Vieweg, Braunschweig. 75. 1925. 

Mueller, H. KoUoidchem. Beih. 26: 257. 1928. 

Mooney, M. Jour. Phys. Ohem. 35: 331, 1931. 

Abramson, H. A., & Mueller, H. Bull. Am. Phys. Soc. 7: 11. 1932. Cold Spring Harbor 
Symposium 1. 1933. 

Bikerman, J. Z. physik. Chem. A163 : 378. 1933. 

By non-ionogenic surfaces is meant surfaces like quartz, paraffin oil, cellulose, etc. 
By ionogenic surfaces is meant those resembling adsorbed protein films. Most surfaces, 
undoubtedly, behave to a certain extent in an intermediate fashion, but this classification 
will suit the purposes of this communication. 
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surface charge density, a, changes as more ions are added to the solu- 
tion. In general, for an infinite plane surface, cr can be calculated by 
combining the Poisson and Boltzmann equations. The integrated 
equation for a, is, in systems consisting essentially of two ions and 
large particles,^ 


ff 



NDkr 
2% X 1000 


Cl[2]Zi\2] 



+ 





SL 

kT^ 



where N is Avogadro’s number, k Boltzmann's constant, c the molar 
concentration, e the base of the natural logarithm, e the electronic 
charge, z the valence, and T the absolute temperature. In case 
21 = — ^2 = s in aqueous media, equation (2) reduces to 


or 


V: 


NDkT 
2tu X 1000 


\/csinh 




(2a) 


or, 


(T = 2a Vc sinh ^ . 


where a = 17,650 and ^ == 0.025 volt at 18® C. Equations (2) and 
(2a) give us a means of following changes in the net surface charge of a 
large particle as the number of ions in the solution increases. 


THE MEASUREMENT OF ELECTROPHORETIC MOBILITY 
OF MICROSCOPIC PARTICLES 

Historical 

Although Reuss discovered the phenomenon of electrophoresis in 
1807, investigators refrained from completely accepting the fact that 
a new series of electrical phenomena were taking place on surfaces, until 
Quincke's ingenious experimentation on the transport of microscopi- 
cally visible particles suspended in liquids was published. Quincke® 
studied the electrical mobility of microscopic particles in types of ap- 



Fzoxtbii 3. Particles or gas babbles were suspended in the narrowed x>ortions of the tubes 
here depicted and a field applied to study electrophoresis (Quincke). 

paratus similar to those shown in pigube 3. Very small particles 


0 Quincke, G. Fogg. Ann. 113: 513. 1861. 
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were suspended in the tube and even air bubbles were introduced by 
micropipettes. By one device or another tiny particles of naany sub- 
stances were investigated. All of these particles wei'c negatively 
charged in distilled water. In other media similar particles were 
found to be positively charged as well. Quincke's observations are 
not only of importance because they generalize the phenomenon of 
electrophoresis but also because he observed and correctly interpreted 
certain hydrodynamic features of the electrophoresis cells which he 
employed and which we shall discuss in detail. Quincke noticed that 
the movement of the particles in the electrophoresis cell was not alone 
due to the electrical charge of the particles but also to the movement 
of the liquid within the cell itself. Quincke noted that starch granules 
in the center of the electrophoresis cell migrated to the anode but that 
particles adjacent to the glass wall went in the opposite direction, to 
the cathode. Quincke recognized this reversal of migration as due to 
an electroosmotic flow of liquid near the glass. He states, ^'It seems 
to follow from these experiments if one takes the representative case 
of starch particles suspended in water, that water is transported in 
the direction of positive flow of electricity and all starch granules in 
the negative direction. The transported water (since the cell is a closed 
system) returns along the axis of the cell for it can go nowhere else. 
Near the wall of the tube the water drags the starch granules along 
with it and overcomes the mobility of the granule, while in the neigh- 
borhood of the axis the mobility of the starch particles will be increased 
by the movement of the water particles." As we shall see shortly the 
electroosmotic flow of liquid in electrophoresis cells designed for the 
study of microscopic particles is nearly always complicated by the 
electroosmotic flow of liquid. However, this hydrodynamic problem 
is readily solved and a suitable correction may be made. 

Scope of the Microscopic Method 

Whenever a particle is observable in the field of a microscope or 
untra-microscope, the microscopic method of electrophoresis may be 
conveniently and accurately employed if the particle does not settle 
out of suspension too quickly.® The ease of the microscopic method 
offers certain advantages when compared with the moving boundary 
method. However, the moving boundary method is essentially de- 
signed to study dissolved material,^ whereas the microscopic method 

< Abramson, H. A. Jour. Fhys. Chem. 36: 1454. 1932. 

7 Tiselius, A. Dissertation, tTpsala, 1930. 

Henry and Brittain recently have compared critically the moving boundary method 
\pith the transport method. “The Kohlraosch-Weber theory of ionic displacements has 
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is designed for the study of particles. The two methods supplement 
one another. The microscopic method offers in part the following 
advantages: 

a — During the period of observation the environment of the particle 
does not change sensibly. 

b — Differences in electric mobility of various particles in the same 
microscopic field may be measured simultaneously. 

c — Hi gh magnification may be employed resulting in great sensi- 
tivity. 

d — The size, shape, and orientation of the particle under observa- 
tion are directly observed. 

e — Measmements of electric mobility may not only be made in 
fairly concentrated salt solution (up to about M/5) but also in very 
dilute solution. As far as the writer is aware, measurements by the 
moving boundary method may not be made without encountering 
serious difficulties except in the presence of at least M/100 salt.'^ 

f — A single determination usually takes only a few minutes. 

g — ^The method is the only way in which certain biological material 
may be accurately studied. Thus bacteria, fungi, blood cells, protein 
particles are most easily examined in this way. 

h — There is no difficulty in calculating, from the curve relating 
electric mobility to depth in the cell, the electroosmotic mobility of the 
liquid relative to the wall of the cell itself. 

i — ^By means of the vertical cell® the same particle may be observed 
over a comparatively long period. Changes in the surface of the 
particle during this time may be observed. 

The Flat Cell in Rectangular Cross Section 

Two flat cells recommended by the writer are shown in figures 4 
and 5. Figure 4 is a flat cell® which is used in horizontal position, 
while FIGURE 5 is a cell used with a horizontal microscope, the chamber 
of the cell being fixed vertically.® The instruments, each of which is 

been applied to the moving-boundary method, and it is inferred that the usual interpre- 
tation of experiments by this method is erroneous. Methods of experiment and calcula- 
tion are, however, indicated by means of which correct results may be obtained by the 
moving boundary technlQue, and some conclusions are drawn as to the selection of a 
suitable supernatant liquid.” (Trans. Farad. Soc. 29: 798. 1933.) This paper should 
be consulted by those intending to investigate theoretically or experimentally the methods 
under discussion since these new contributions have not been incorporated here. See also 
Hacker. Zolloid-Z. 62; 37. 1933. 

* Abramson, H. A., Moyer, L. S., & Voet, A. Jour. Am. Ohem. Soc. 58: 2362. 1936. 

• Abramson, H. A. Jour. Gen. Physiol. 12; 469. 1929. 

Abramson, H. A., & Grossman, E. B. Jour. Gen. Physiol. 14: 563. 1931. 

Moyer, L. S. Jour. Bact. 31: 581. 1936. 
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constructed of one piece of glass, rest directly on the microscope stage 
or are suspended from it. In this way the troublesome vibration 
usually encountered may almost completely be avoided. The instru- 
ment may be supported either by a cemented frame composed of 
microscope slides or by a brass frame similar to that shown in figtoe 
4 and described by Moyer. The vertical cell shown in fioxteb 5 



Figitbe 4 The horizontal microelectrophoresis instrument The smaller rods on either 
side of the center chamber are solid glass struts, one with an extension sleeve. B, Diagram 
of side view of central chamber. 



facilitates the investigation of large particles for long periods of time 
by reversal of the electric field. Because of its vertical position, the 
particles, although falling, remain at the same electroosmotic level. 
If the width of the main central chamber is very large compared with 
its thickness the effect of the size of the cell may be disregarded when 
observations are not made too close to the side walls. The electric 
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mobility of the particle relative to the liquid may be calculated as was 
first accomplished by Ellis.^° Ellis observed quantitatively the varia- 
tion in the electric mobility of small oil droplets at different levels in a 
fiat electrophoresis cell, approximately 0.6 mm thick. His data are 
plotted in figure 6 which shows in detail the phenomenon of reversal 
of direction of the particle near the wall observed first by Quincke and 
described in the first part of this section. Observe in the figure that 
the velocity of a small particle is not constant but varies from level to 
level within the cell, the velocity-level curve being parabolic. The 
velocity of the particle may be increased or decreased at any point, 
depending upon the sign of the charge on the wall. If Vw is the 
velocity of the liquid itself at any level, the observed velocity Vqbs is, 
then, the sum of the velocities of the particle and of the water. 

VoBS ^V+Vw (3) 

Here V is the velocity of the particle relative to the liquid; it is the 
same at all levels. In other words, since the velocity of the particle 
relative to the liquid is the same at all levels, Vqbs varies from level to 
level because of the hydrodynamic conditions set up by the streaming 
of the liquid within the cell due to the electroosmosis of the liquid 
along the wall. It can be shown that the velocity of the particle rela- 
tive to the liquid is the mean velocity of the particle within the cell, if 
the total movement of all the water within the cell is equal to zero. 
The value of F, the electric mobility of the particle relative to the 
liquid, can be calculated from experimental data relating to the 
level, X, in the cell, or by means of graphical integration. Also, 
measurements may be made simply at the level, 



where d is the total thickness of the cell. The stationary levels in cells 
of the type imder discussion are approximately at the levels 0.2 and 
0.8 of the total depth. This follows from the theory of Smoluchowski^ 
regarding the laws of laminal streaming of viscous liquid between 
parallel walls. He showed that the velocity of the water, Fpp at a depth, 
X is 

(5, 

where U is the velocity of electroosmosis due to the charge on the wall 


10 Ellis, B. Z. phyedk. Ohem. 78: 821. 1912. 
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of the cell. It follows directly from equation (5) that when Fur is equal 
to zero, the velocity of the particle relative to the liquid may be 
measured directly. The arrow in PiormE 6 points to both the observed 



Figitile 6. The variation in the observed electric mobilities of oil droplets at dijfferent 
levels in a flat electrophoresis cell. The smooth curve is that predicted by hydrodynamic 
theory. Points are experimental values found by Ellis who first investigated this phenome- 


and predicted values of velocity given by the preceding theory and 
agrees with the theory well within 5%. The reliability of this theory^^ 
has been well established for the types of cells given in pigtjees 4 and 
6. The way in which variations in the thickness of the cell change the 
the general shape of the experimental curve is given in pigtjbe 7. 



Figube 7. The way in which variation of the thickness of an dectrophoresis cdl (width 
> > thickness) changes the experimental curve. The curves have been drawn on the assump- 
tion that V » 17 « 1.0, for cells varying in thickness, 1.0 : 0.5 : 0.1. 

Abramsosii H. A. **Electro]dnetic Phenomena and their Application to Biology and 
Medicine.” Chemical Catalog Co., New York, Chap. 3. 1934. 
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The curves have been drawn on the assumption that the electro- 
phoretic velocity is equal to the electroosmotic velocity. Note that 
the slope of the Vqbs “* ^ curve at the level where the velocity of liquid 
is equal to zero, becomes very great with thin cells. Practically speak- 
ing then, flat cells less than 0.5 mm thick may involve diflSiculties in 
focusing at a given level. 

The theory of Smoluchowski obtains only if the cell width is great 
compared with its thickness. If the ratio of cell width to thickness is 
taken as, 

width _ 2a _ ^ 
thickness 26 ’ 

Komagata^^ flnds that the position of the stationary layer along the 
central longitudinal plane is given by the expression. 

In this equation y represents the level measured from the central axis. 
The following table” indicates the error introduced for varioiis values 
of the ratio o/6. 

h 10 15 20 100 00 

level 0.194 0.199 0.202 0.210 0.211 

Note that only when h approaches oo does the stationary layer cor- 
respond exactly to our previous stationary level, about 0.21 measured 
from the roof. Flat cells, with values of h more than 20, may be used, 
without considering the wall effect. 

Since the curve relating the observed velocity to level is paraboUc, an 
equation of the form 


Fobs = ra{x — a?) C (5) 

may be used to obtain a linear relationship between the observed 
velocity and the depth.” This allows the particle velocity at the ceil- 
ing or floor of the cell to be obtained by linear extrapolations to the 
point a; = 0. The electroosmotic velocity” may then be calculated 
directly by equation (5), for at the wall, 

Fobs - F -f 17 


» Somagatai S. *‘Besearches of the Blectrotechaical Laboratory.*' Tokyo. 1033. 
» Moyer, L. S., & Abramson, H. A. Jour. Gen. Physiol. 19: 727. 1936. 
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The Cylindrical Cell of Circular Cross Section 

Types of cells of cylindrical cross section^ are illustrated in figure 
8. Although hydrodynamically these cells are apparently more suit- 



Fioxtbs 8. Types of construction of electrophoresis cells of circular cross section. 

able than the flat electrophoresis cell, there are certain optical diffi- 
culties which at present make their use more complicated. There is, 
for example, considerable distortion of the images of objects suspended 
in cells of this type unless special optical precautions are taken. 
Focusing along the diameter becomes more difficult as the distance 
from the roof of the cell is increased. The observed velocity of a 
particle is, similar to the case of the flat cell, equal to 

VoBS ^V+Vw, 

which in the cylindrical cell can be shown to be, 

r,as-V+o(^-lj 

where r is the radius and o the distance from the axis. It is our prob- 
lem to find the value of r in terms of a when Tjy is zero, that is when 

or 

r 

““ V2’ 

the position of the stationary level is obtained. The flow of liquid is 

r 

zero in a cell of circular cross section at a distance of from the axis 

or 0.14 of the cell’s diameter measured from the roof of the cell. This 
corresponds to the level 0.21 for the flat cell. It is advisable in the 

W IVIattson, S. KoUoidchem. Belh. 14: 227. 1922. Jour. Phys. Chem. S2: 1682. 1928. 
37 : 223. 1933. 

Mooney, M. Phys. Rev. 23 : 396. 1924. 
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case of the cylindrical cell to plot the Vqbs "" ^ curve to obtain a linear 
relationship for the velocity of the particle relative to the liquid using 
the expression, 

f VoBsd(a^). 

r-^Jo 

The value of this integral should be equal to the value of V at the 
level 0.14. 

In connection with the difficulties in focusing, it has been shown by 
Boswell and Larson^® that the use of cylindrical electrophoresis cells 
is complicated by optical phenomena encountered in ascertaining the 
stationary level. If the lighting is from one side, a beam entering at 
the stationary level will be bent upward to the extent of 0.195 of the 
radius from the top and hence will give an erroneous measurement if 
the microscope is focused on the beam. A recent paper by Henryk® 
discusses this error in focusing in more detail. 

Calculation of Potential Gradient 

In the event that Z, the potential gradient, is not simply the ap- 
plied e.m.f. divided by the length of the cell, several methods are 
available for calculating X,® It may be determined from the dimen- 
sions of the entire system, from a calibration of the system with 
mercury, by means of sealed platinum electrodes which measure the 
potential difference with the aid of an electrostatic voltmeter, or, as 
the author prefers, from Ohm^s law directly. Since the cell itself is 
uriformly rectangular or cylindrical and the field is practically homo- 
genous throughout, 



Q 


where I = current; R = specific resistance of the suspension; q — 
cross-section of the cell. 

Effect of Differences in Sign of Charge on Particle and Wall 

In FIGURE 9 are shown types of curves obtainable in microscope 
experiments, when the net charge of the wall and of the particle are 
positive, negative, or zero.^^ Only if both particle and wall have a 
net charge of zero is no movement observed (curve 5). If both particle 
and wall are of the same sign, diminution in velocity always occurs at 


15 Boswelli A. M., & Larson, T. E. Jour. Phys. Ohem. 40: 833. 1986. 

16 Henry, D. C. Jour. Oliem. Soc. 997. 1938. 
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the wall and an increase occurs in the mid-regions of the cell. If the 
sign of charge differs, the opposite phenomenon occurs. The particles 
then have increased velocities near the wall due to the fact that the 
liquid streams near the wall of the cell in the same direction that the 


Figube 0. 
e3i;>eriments. 



Nine types of carves obtainable in (flat cell) microscopic electrophoresis 


particle moves. In the mid-regions of the cell, owing to the back- 
flow of liquid, the velocity of the particle is decreased. It is remark- 
able to see a system where the observed velocity is constant at all 
levels in the cell. This occurs when the net charge on the wall of the 
cell is zero, i. e., no electroosmosis occurs. 

Rotating Field 

A novel series of experiments in which a rotating electric field was 
devised so as to cause microscopically visible particles to move in 
circles has been described by Pugh and Swartz.^^ The rotating field 
was produced by applying a two-phase alternating current source to 
four electrodes placed at the corners of a square in a thin electro- 
phoresis cell constructed of a thin quartz chamber. The electrodes 
were formed by painting the proper design on the under side of the 
cover glass with gold paint and heating to 750® C. Over a small area 
in the center of the square, the corners of which are made up of the 
ends of the four gold electrodes, exists a uniform field constant in 
magnitude and rotating with constant angular velocity. Each particle 
then describes the circumference of a circle which will depend upon 

17 Pugh, £. M., & Swartz, C. A. Phys. Bev, 36: 1495. 1930. 
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the mobility of the particle, the circumference being greater, the 
greater the electric mobility (figures 10 and 11). 



£ 




& 




(M 

FiaxTBslO. (a) Quartz cover glass 
with gold electrodes to produce ro- 
tating field, (b) Cross section of 
electrophoresis cell with cover glass. 
(Pugh and Swartz.) 



Figure 11. The 
path of an oil drop- 
let in a rotating field 
(Pugh and Swartz). 


The diameter of the orbits described by oil droplets observed in the 
apparatus by Pugh and Swartz fluctuated considerably. These 
fluctuations were too rapid to enable Pugh and Swartz to make 
quantitative visual observations. The amount and rapidity of these 
fluctuations depended upon the size of the particles, similar to the 
way in which Brownian movement depends upon size. They were 
hardly perceptible with particles greater than 1 jjl in diameter and 
were independent of the chemical constitution of the particle. The 
writer has observed a phenomenon in all probability similar to the 
fluctuation phenomenon just described. Very small particles mi- 
grating in a direct field undergo deviations from a straight line in 
their path, which appears to be somewhat irregularly wave-like in 
nature. They have not as yet been studied in detail by photographic 
procedures. 

The cell used by Pugh and Swartz was very thin, about 10 tx. In a 
cell as thin as this and constructed as indicated, there is apparently no 
return flow of the liquid due to electroosmosis at the point where the 
particles are studied. The liquid in the small area under observation 
moves with the same velocity at all levels. In consequence, the 
velocity of the particle is constant throughout the thickness of the 
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cell. Nevertheless, the velocity of the particle relative to the liquid is, 

VoBs = V + Vw} 

both V and in this case being a constant. It would be of interest to 
test this relationship for systems where V = Vw This can be done by 
covering both particle and wall of the cell with an adsorbed layer of 
protein, having previously determined the value of 7. 


Alternating Field 

Cotton and Mouton^® have developed a method for the examina- 
tion of the linear path described by a particle moving in an alternating 
field. Svedberg and Andersson and others have developed pro- 
cedures to quantify these observations. 


Rotating Cell of Cylindrical Cross-Section^®^^®*^® 
McTaggart has described the apparatus depicted in figure 12. 



Figitre 12. Rotating electrophoresis cell for the study of gas bubbles. (McTaggart ) 

The glass stopcocks are arranged to carry platinum electrodes, be- 
tween which a small gas bubble is acted upon by the impressed electric 
field. By rotating the horizontal tube with sufficient velocity the gas 
bubble moves toward and remains in the central axis of the tube. 
The fact that the velocity at the center of the tube is independent of 
the tube’s diameter docs not signify that 7o.6 is the velocity of the 
bubble relative to the liquid as has been frequently supposed. Before 
data so obtained can be given quantitative weight the curve of velocity 
at different levels must be analyzed in terms of the pertinent equations 
for cylindrical cells.^® 

Double-tube Cell 

It would seem that the methods used by the writer and by Moyer 
have been shown by virtue of numerous experiments involving com- 

IS Cotton, A., & Monton, H. Compt. rend. 138: 1584, 1692. 1904. 

Svedberg, T., & Andersson, H. EoUold. Z. 24: 156. 1919. 

Bluh, O. Ann. physik, 78 : 177, 1925. 79 : 148. 1926. 80 : 181. 1926. 

IB McTaggart, H. A. PhU. Mag. 27: 297. 1914. 28: 367. 1914. 44: 886. 1922. 

Alty, T. Proc. Roy. Soc. (London') A106 : 315. 1924. 

aoBach, K., & Gilznan, A. Acta Physico-cMmica 9: 1. 1938. 

Elenim, A. Physik. Z. 39 : 783. 1938. 
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parisons of the same systems -with different methods, to be the most 
satisfactory at present for measurements on biological systems hetero- 
geneous in nature. However, the further development of a new 
technique presented by M. E. Smith and Lisse*^ may increase the 
precision of the method. Smith and lisse employ two tubes in parallel, 
Ti and T 2 , in a closed system between platinum electrodes (pigueb 13). 




FioxnuB 13. The double-tube cylindrical electrophoresis cell of Smith and Idsse. 

The relationship between the tubes is so fixed that the electroosmotic 
return flow, ordinarily taking place in the mid-regions of the single 
tube microelectrophoresis cell, takes place in the tube T 2 of larger 
radius. Further, there is no movement of the liquid along the axis of 
the tube of smaller radius. Hence the velocity occurring at the center 
of Ti (depth = corresponds exactly to the velocity of the particle 
relative to the liquid, for in this system the “stationary level” is at 
the center of the cell. The velocity gradient is zero at this level, a 
atuation which theoretically is also more desirable. In the single cell 
of cylindrical cross section, the velocity relative to the liquid is at the 
level 0.146 (0.854) while there is only one stationary level in the 
double-tube cell. 

Direct Application of Electrodes 

An attempt to investigate the electrokinetic potential of the leaf 
cells of Elodea has been made by Rubinstein and TJspenskaja.®* 

SI Smithi M. E., Ss Lisse, M. W. Jour. Fhys. Chem. 40: 399. 1936. 

» Eubinstein, D. L., & Uspenskaja, V. Protoplasma 21: 191. 1934. 
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Leaves weie placed on a slide in a plasmolysing solution in order to 
make the protoplasm round up within the box-liko compartments of 
the cell wall. It was found that the protoplast moved to the positive 
ends of their cell compartments imder the influence of an external 
field. Sen®* has carried this type of research even fiuther, observing 
directly the motion of protoplasmic particles within the intact hairs 
of Vrtica diotca (nettle) and root hairs of Azolla pinnata (an aquatic 
fern). These cells were put on a coverslip, surroimded with mineral 
oil and inverted as a hanging drop preparation (figure 14). In this 



Figure 14 The arrangement of Sen for investigation of inti acellular electiophoiesis 
N, Nu]ol, W, Water, A, AzoUa cells, O Covershp, e. Electrodes 

position the particles in the cells continue in active Brownian move- 
ment for at least 24 hours. An electric field was applied by means of 
micro-electrodes of platinum (Pt-Ir, Ag-AgCl or agar gave the same 
results) held in a micromanipulator. These electrodes were not 
inserted into the cell but placed at both ends of the preparation. 
Upon applying the field to the Urtica hair, the intraprotoplasmic 
particles were seen to move toward the anode when observed under 
dark-field. If the field was reversed, reversal in direction occurred 
nearly instantaneously, A gradient of 4 to 40 volts was established 
between the electrodes, but there was no way of knowing just how 
much of this field strength was operating on the particles. With 

» Sen, B. Ann Bot 48: 143 1984 
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currents higher than 15 amp., and of a duration longer than 5 
seconds, coagulation resulted; but under less severe conditions, the 
cuirent could be applied and broken at least 12 times with no ob- 
servable injury. 

In Azolla the particles carried a net negative charge. It was found 
that the cylindrical hair appaiently functions as a cylindrical electro- 
phoresis chamber since particles moved with different mobilities at 
different levels in the cell. Sen reports that (1) particles near the cell 
wall scarcely moved, or, if at all, toward the cathode; (2) particles a 
slight distance away from the wall moved toward the anode; and (3) 
particles at the axis of the cell showed a maximum mobility irrespec- 
tive of their sizes and shapes. On breaking the field, the particles at 
position (2) reversed in direction of motion for a short time. Although 
Sen does not point it out, such behavior of particles, if observed in an 
electrophoresis cell, would probably be interpreted as indicating a 
nearly identical surface constitution for the particle and the wall of 
the cell. Whether the surface causing the equal and opposite electro- 
osmosis at the wall (although the surface itself must be negative) is to 
be identified with the inner side of the plasma membrane, cannot, of 
course, be decided now, but Sen^s results suggest possibilities of in- 
vestigating it in this indirect way. 


Table 1 

The Results of Sen fob Electbophoeesis in a Plant Cell 


Approximate 
Diameter of 
Particle 

Volts 

Applied 

Distance in 
Time, i 

Time, 

sec 

ju/sec 

ju/sec/volt 

0 5 

2 

26 

5 

5 2 

2 6 

2 0 

2R* 

16 

3 

5 3 

2 6 

1 0 

2 

16 

3 

5 3 

2 6 

2 0 

2R 

22 

4 

5 5 

2 7 

0 5 

4 

32 

3 

10 6 

2 6 

2 0 

4R 

21 

2 

10 5 

2 6 


R indicates re vex sal ot curient 


Table 1 shows Sen’s results with large and small particles in an 
Azolla hair 1.67 mm. in length and 22 [i in diameter. The velocities 
given are for particles at the axis. Since we have essentially a parallel 
circuit, the current being divided between the water and the hair, 
doubling the applied field would probably double the potential gradient 
in the hair. That this is true is shown in column 6 where the writer 
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and Moyer®* have calculated the velocity in [x/sec/volt. It will be 
noted that the constancy is quite good. This indicates the linearity 
of velocity with field strength, an observation which had not hitherto 
been reported for the electrophoresis of particles within living cells 
themselves. 


THE CHARGE DENSITY 

The Effect of Simple Salts on the Surface Density of Net Charge of 
Non-Ionogenic Surfaces 

It has been shown in the first part of this paper that the effect of 
salts on Vj the electric mobility of particles with non-ionogenic surfaces 
is a complicated one. Not only is there the usual decrease in v with 
increasing concentration of simple salts, but also peculiar maxima 
are observed in dilute solutions. (See figure 2 for a typical or 
^^-c curve.) 

How can this curious type of curve be explained? Theoretical 
considerations of this problem have indicated that the charging process 
of a surface must be considered. As we have emphasized before, the 
charge of the simple ion remains constant even though its mobility 
decreases. This is by no means the case when non-ionogenic surfaces 
are considered. As the concentration of salts increases, the net 
surface charge density changes as more ions are added to the solution. 
By means of equation 2, or one of its simplified forms, we have a means 
of following changes in the net surface charge with the concentration 
of the salt. It should be noted at this point that ionogenic surfaces 
like protein are not included in our present discussion. Data on the 
effects of salts on the charging process of protein are published else- 
where. Keeping in mind then the complex form of the curve, 
examine figures 15 to 19 which illustrate what occurs when the 
density of net charge c is calculated.®^ Characteristic of the a-c 
curve in every instance is, that with addition of salts, not reversing 
the sign of charge, a increases sharply and almost linearly at low con- 
centrations, with the charge density apparently reaching a limiting 
value at about c = 0.001 Molar. The descending part of the curve 
given in figure 2 has frequently been taken to represent a discharge 
of the surface of a particle, since aggregation frequently occurs in this 
concentration range. Figures 15 to 19 demonstrate that, contrary to 
this notion, the addition of salt is actually accompanied by an increase 

24 Abrajnson, H. A., & Moyer, L. S. Trans. Electrochem. Soc. 71: 136. 1937. 

•s Abramson, H. A., & Mueller, H. Bull. Proc. Am. Phys. Soc. 7: ll. 1932. Gold 
Spring Harbor Symposiam 1: 1933. 
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Figubb 16. The points on the V-c curve 
have been calculated from data of EUis pub> 
lished in 1911, and from data of Mooney 
(1931). 



Figubb 16 . The effect of a simple salt 
on silica calculated frrom data of GlixelU 
and Wiertelak. The smooth curves are 
tsrpical isotherms. 





Figure 19. The effect of salts on the surface density of net charge on ^ass. From data 
of Funitani, Eurokochi, and Asoda. The smooth curves have been dra’wn according to a 
form of the Langmuir isotherm. 
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of the net charge even in the region where it is known that rapid 
coagulation may occur. The course of the or v-c curve is due to 
the fact that the mobility depends upon two variables: (1) the way in 
which the charge density of the surface changes; and (2) the way in 
which K, the reciprocal thickness of the diffuse ionic atmosphere 
changes, with both of these being dependent upon c. and k presum- 
ably vary quite differently with c. As c increases 1/k decreases; when 
c is small, the increase in <s is more important, that is, in low concen- 
trations of salt the charging process by the ions is more important than 
the change in the diminution of the thickness of the double layer. 
But if c increases further, the decrease in 1 k becomes more important 
in flattening out the curve as saturation occurs by what is probably 
ionic adsorption. 

The reader will have noticed that the form of all the (j-c curves 
bears a strong resemblance to the simple adsorption isotherm. The 
smooth curves of figures 15 to 19 have actually been plotted by an 
equation of the form. 

Be 

^ 1 + Be 

where ^mB is the initial slope of the curve and is equal to the 
limiting value of <y within the concentration range. The agreement is 
excellent. It indicates that selective adsorption of the negative ion in 
all probability occurs. The curves for the different alkali halogens 
and alkaline earth halogen show fewer variations than the curves of 
potassium bromide, iodide and chloride. Especially large values of 
the net charge are obtained for the sulphates and ferrocyanides. The 
data indicate that for glass, graphite and collodion, the adsorption 
potential increases in the scries Cl“, Br"", I~; Li+, Na+, K+, Rb+, Cs+; 
Mg”*^, Ba++, Ca++, and that in general, for these surfaces the adsorp- 
tion potentials of the positive ions are considerably smaller than those 
of the negative ions. 

It is of interest to calculate, neglecting the adsorption of positive 
ions, the fraction of the area occupied by the ions representing the net 
charge at a l imiting value of cr. In the case of glass, a is equal to 9,000 
E.S.U., representing about 2 X 10^® ions per cm®. If the area occupied 
by each ion is taken as 5 X 10“^® cm®, the limiting area occupied by 
the excess negative charges is about 0.01 cm® or 1% of the surface. 
This is a rather higher value than that deduced by previous investiga- 
tors, but is compatible with the simple type of adsorption postulated. 

It may have been noted that the o-c curves have been plotted so 
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that the curves pass through the origin. The c-c curves represent not 
the net charge of the surface but the net charge due to the addition 
of ions.^^ This may be understood on the basis of the following reason- 
ing. The values of given in the curves have been corrected for the 
original charge due to the ions in distilled water. In each case the 
total charge aj has first been calculated. This total charge is due both 
to the ions of the solvent and dissolved carbonic acid and to the ions of 
the added salt. If gw is due to the ions of the solvent and carbonic 
acid alone, the charge due to the salt is evidently, 

CJ = Cfj' — Cppr 

a is, then, the value of the net charge due to the salt itself. 

The (T~c curves of all other non-ionogenic surfaces which have been 
investigated in solutions of simple salts show the same characteristics 
found for those presented here.^^ 


The Effects of Salts on the Surface Density of Net Charge on 
Bacterial Surfaces 

In TABLE 2 are calculation of a from data of Northrop and DeKruif 
on the effect of salt on the charge density of unsensitized typhoid 
bacilli. As the concentration of salt increases the ^-potential drops. 
However, a, the charge density, increases from 224 to 924 e.s.u. 
Similar calculations (from the data of Mudd and Joffe) are presented 
in TABLE 3, where in addition to the drop in the l^-potential, there is 
actually an increase in the charge density, with increasing salt con- 
centration and agglutination, the charge density rising from 1420 
E.s.u. to 3150 E.s.u. Further investigation of the effect of salts on ^ 
and on <j is desirable, especially of the simpler salts like KCl and 
Na2S04. 

Table 2 

iNTLTnBNCE OF Uni-Univalent Salt Concbntkation on the 
Chakge Density of Unsensitized Typhoid Bacilli 


M 

Agglutination 

volts 

<r 

E.S.U. 

0.0001 

None 

0.030 

224 

0 0005 

None 

0.025 

417 

0.001 

None 

0.022 

530 

0.01 

None 

0.010 

700 

0.06 

None 

0.006 

924 
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Table 3 

The Influence of the Salt Concentration (NaCl) on the Charge Density 
OF Unsensitized “Rough” Typhoid Bacilli 


M 

Agglutination 

V 

iu/sec. 

r 

volts 

<r 

E.S.U. 

0.001 


3.9 

— 

1,420 

0.004 

-f + 

3.6 


2,590 

0.01 

+ + 

3.2 



0.02 

4- + 

2.4 

BEIH 


0.04 i 

+ + + 

1.6 




More accxirate data than those presented in the tables have been 
obtained by Moyer, who studied the effect of acetate buffers of 
constant pH but varying ionic strength on the electric mobility and 
charge density of E. Coli. His curves are reproduced in figure 20. 



Figurb 20. Charge density concentration curves of E. Coli In acetate buffers. Open 
circles; rough form. Closed circles; smooth form. (Moyer.) 



Figxtbb 21. Mobility'KX>nc6ntration curves of E. Coli in acetate buffers. Oi>en circles; 
rough form. Closed circles; smooth form. (Moyer.) 


a« Moyer, L. S. Jour. Bact. 32; 433. 1936. 
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Note that the smooth form (closed circles) reaches the maximum 
value of O' at approximately 0.001 M., whereas the rough form (open 
circles) is still increasing the value of its surface charge. Compare 
the (j-c curves with the v-c curves reproduced from Moyer in figure 
21. The remarkable constancy of cm in the lower curve of figure 20 is 
both confirmatory of the general validity of the theory and a tribute 
to Moyer^s experimental skill. 

The Charge Density of Mammalian Red Blood Cells 

Red blood cells may be readily studied by the microscopic method 
of electrophoresis.^^ The data given in the table show the wide 
difference in electric mobility of the blood cells in different mammals. 
Cells of young monkeys, young rabbits, have the same speed as those 
of adults. The following series shows the order found: 

Rabbit < Sloth < Pig < Opossum < Guinea pig < Man 

(0.55) (0.97) (0.98) (1.07) (1.11) (1.31) 

Monkey < Mouse, Cat < Rat < Dog 

(1.33) (1.40) (1.39) (1.45) (1.65) 

The electric mobilities of the cells (given in parenthesis) are pro- 
portional to the li-potential. They do not give us any indication of 
the charge density or the net charge of each cell. Values of c were 
calculated (table 4), by means of equation (2) from the data ob- 


Taslb 4 


Animal 

Mobil- 

ity 


O' 

Area 

Net 

charge 

Number 
of elec- 
trons 

Area 

occu- 

pied 


filsec 

volts 

E.S.U. 

cm* X 
10« 

E.S.U. X 
1(P 

xio-« 

per cent 

Rabbit 

0.55 

0.00704 


1.10 

2.08 

4.37 

0.40 

Sloth 

0.97 

■{Ml 


— 

— 

— 

— 

Pig 

0,98 



0.95 

3.19 

6.70 

0.70 

Opossum 

1.07 

0.0137 

3680 

1.56 

5.74 

12.0 

0.77 

Guinea pig ... . 

1.11 

0.0142 

3780 

1.15 

4.35 

9.14 

0.80 

Man 

1.31 

0.0168 

4500 

1.63 

7.34 

15.4 

0.94 

Rhesits monkey. 

1.33 1 

0.0170 

4570 

1.37 

6.26 

13.2 

0.96 

Cat 

1.39 

0.0178 

4780 

0.80 

3.82 

8.03 

1.00 

Mouse 

1.40 

0.0179 

4800 

0.96 

4.61 

9.70 

1.01 

Eat 

1.45 

0.0186 

4980 

1.02 

5.08 

10.7 

1.05 

Dog 

1.65 

0.0211 

5660 

1.22 

6.90 

14.5 

1.19 


3^ Abramson, H. A. Jour. Gen. Physiol. 12: 711. 1929. 
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tained with various types of mammalian red cells^® in isotonic phos- 
phate buffer at pH 7.4. Through the kindness of Dr. E. Ponder the 
surface areas of these red cells were determined and, using these 
values, the net charge per cell was calculated from a. It may be 
noted in table 4 that the net charge of the red cell does not vary in 
the same order from species to species, as does the value of a, the 
charge per unit area. Nor does there seem to be any clear relationship 
between the net charge per cell and zoological classification. These 
differences in mobilities may be directly observed in mixtures com- 
posed of the cells of different animals. 

By dividing the net charge by the electronic charge the number of 
eff'ective electrons at the surface has been calculated (table 4, last 
column). For example, in the case of man there are 15,000,000 
effective electrons on each cell, the highest value amongst these 
mammals. One might say this corresponds to the valence of each 
cell. A similar computation of the net charge has been made for the 
typhoid bacillus. The values never rise far above 1%, which agrees 
in magnitude with the data obtained on the surfaces discussed in the 
foregoing and even with the ionic saturation values of protein mole- 
cules. 

Ion Antagonism and the (j-c Curve 

The ^potential of cellulose was found by Bull and Gortner^® to 
show no evidence of ion antagonism when chlorides of various cations 



Figuse 22. Charge density and ion antagonism. (^loyer and Bull.) 

s8 Abramson, H. A., & Moyer, L. S. Jour. Gen. Physiol. 19: 601. 1936. 

59 Bull, H. B., & Gortner, B. H. Jour. Phys. Chem. 35: 700. 1931 
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•n-ere studied. However, by calculating the charge density as indi- 
cated in FIGURE 22, Moyer and Bull showed that definite ion antag- 
onism exists at the surface. This is the first instance in which quanti- 
tative data have shown a connection between ion anatgonism and 
electrical effects, although similar phenomena have been observed in 
coagulation studies. 

The charge density of proteins may be analyzed by similar methods. 
However, ionogenic surfaces, the net charge of which are profoundly 
influenced by the pH of the medium, require special consideration. 
At present the data required for an analysis of these systems should 
include the effects of salts on the electric mobilities of proteins, the 
isoelectric points of which are not shifted appreciably by the salt. 

The net charge of an ideal protein ion of this type should be de- 
termined primarily by the pH of the medium, and although its mo- 
bility would decrease without passing through a maximum (figure 2) 
with the addition of salt, the net charge would remain constant as for 
a simple ion like potassium. 




THE MOVING BOUNDARY METHOD FOR 
STUDYING ELECTROPHORESIS 

Bt Kurt G. Stern 

From the Laboratory of Physiological Chemistry, Yale VniversUy School of 
Medicine, New Haven, Connecticut 

INTRODUCTION 

The first electrophoretic experiment on record was performed by 
the Russian physicist Reuss in the year 1807. His apparatus con- 
sisted of two pieces of glass tubing which were driven into a block of 
wet clay and filled with water. A layer of sand was put on the bottom 
of the tubes which were then connected with the poles of a voltaic pile 
made of 74 silver-zinc couples. Upon closing the circuit the water in 
the tube connected with the positive pole assumed a milky appearance 
due to the electrophoretic migration of colloidal clay particles through 
the sand layer. At the negative pole the water remained clear but 
increased in volume thus exhibiting the phenomenon of electroosmosis. 
The observations of Reuss were confirmed and extended, among 
others, by Faraday and by Du Bois-Reymond. The first quantitative 
studies were undertaken by Wiedemann in 1856 and by Quincke in 
1861. The measurements of the latter showed that the rate of mi- 
gration of particles in a field is a linear function of the potential gradient. 

The first workers to experiment with a V-shaped cell, the forerunner 
of the U-tube, were probably Picton and Linder (1892-1897). They 
studied the movement of boundaries of AS 2 S 8 , shellac, ferric hydrate, 
hemoglobin and other colloidal sols in dependence of the direction of 
the current and of the acidic or basic character of the colloid. By 
reversal of the direction of current they demonstrated the reversi- 
bility of the phenomenon. 

Hardy, in his classical study on the electrophoresis of proteins in 
1905, laid the foundations for much of the current work. With the 
aid of a U-shaped tube containing a layer of the colloid, e. g, of an 
opalescent globulin solution, under a supernatant fluid of the same 
electrolyte content he was able to perform quantitative determinations 
of the mobility of the boundary of the colloid. 

The moving boundary method of studying the electrophoresis of 
colloids and in particular of proteins which form the object of most of 
the recent investigations owes much to the pioneering research by 
Lodge, Whetham, Nernst, Masson, Denison and Steele, Machines, 

( 147 ) 
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Kohlrausch, and other workers on the behavior of the ions of ordinary 
electrolytes in electric fields. For a discussion of the bearing of that 
work on the problem of electrophoresis of proteins and for a review of 
the earlier researches on the electrophoresis of proteins themselves 
reference is made to the book by Pauli and Valk6^ and to the disserta- 
tion by Tiselius.2 The technical development of the subject up to 
1931 has been reviewed by Prausnitz and Reitstotter.® 


SIMPLE U-TUBE ELECTROPHORESIS CELLS 

In order to study electrophoresis by the moving boundary method 
it is necessary to stratify the solution of the substance under investi- 
gation, e. g. of a protein or polysaccharide, below a layer of the solvent, 
e. g. a buffer solution. Three methods are available for the formation 
of the well-defined boundary required for this purpose, viz. (1) es- 
tablishment of contact between solution and solvent with the aid of 
stopcocks after attainment of temperature equilibrium, (2) controlled 
flow of the solution containing the colloid (under hydrostatic or air 
pressure) below the solvent causing a gradual displacement of the 
latter, and (3) mechanical withdrawal of slides separating the solution 
from the solvent or the equivalent mechanical alignment of sections 
filled with solution and solvent respectively. Arrangements employ- 
ing these various principles will be described below. 

The first U-tube cell with stopcocks in each limb for the formation 
of the boundaries was described in 1908 by Landsteiner and Pauli. 
A modification of this cell, employing as an important improvement 
reversible electrodes, has been extensively used by Michaelis and his 
students.^ It is shown in figure 1. 

The direction of migration of the colloid may either be observed 
\dsually, provided the substance is colored or opalescent, or it may be 
ascertained by closing the stopcocks A and B at the end of the experi- 
ment and subsequent analysis of the fluids in compartments 2 and 4 
for the presence of the colloid. If the substance is endowed with 
catalytic properties, e, g. enzymatic activity, the sense of migration 
at a given hydrogen ion concentration may be determined even in 
quite crude or highly diluted preparations with the aid of suitable 
catahiiic test reactions. This simple cell has proved its usefulness for 

1 Pauli, W., & Valkd, L. Electrochemie der KoUoide. Dresden & Leipzig 1933. 

s Tiselius, A. No't-a Acta Soc. Sd. Upsala. IV 7 (4). 1930. 

> Prausnitz, P. H., & Beitstbtter, J. Electrophorese, Electroosmose, Electrodialyse in 
Fllissigkeiten. Dresden & Leipzig 1931. 

4 Micbaelis, L., & Bona, P. Praktikum der Physikalischen Chemie. Julias Springer, 
Berlin 1930. 
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the determination of the isoelectric point of various biocolloids such 
as hemoglobin, invertase and catalase.® 

While this apparatus is suitable as a ^'null instrument , L e, for 
establishing the pH at which the mobility of the colloid becomes zero 
or at which the direction of migration will change, it cannot be used 
for absolute mobility determinations on account of the inhomogeneity 
of the field caused by the various restrictions in the path of the current. 



Figttre 1. Landsteiner and Pauli’s Electroplioresis Oell, as modified by L. Michaelis. 
The sol to be studied is placed in compartment 3, while 2 and 4 are filled with the buffer 
solution. The side tubes 1 and 5 are also filled with buffer solution and serve as connections 
to the electrode vessels. The nature of the electrodes is indicated in the figure. The stop* 
cock C is opened biiefiy to equalize the hydrostatic pressure in the cell and is kept closed 
during the electrophoresis. Contact between the sol and the supernatant buffer Is made by 
cautiously opening the stopcocks A and B. In order to avoid boundary disturbances due to 
the restriction of the tube by the stopcocks, the density of the sol in compartment 3 is in- 
creased by adding some sucrose to it. For supply of current the apparatus may be connected 
with the electrical mains carrying 110 or 220 v. D.O. 

In a second apparatus, designed by Michaelis® for rate measurements, 
the cross-section of the U-tube is maintained uniform throughout by 
the use of wide-bore stopcocks. The limbs of the tube above the 
stopcocks are graduated so as to permit readings of the position of the 
boundaries free from parallax (figtjbb 2). 

In order to avoid thermal convection currents which tend to destroy 
the definition of the boundary the cell must be immersed in a water 
thermostat and the heat produced by the current must be kept as 
small as possible (see below) . The cell has been used for measurements 

s Michaelis, L., & coworkers. Biochem. Z., 16: 81. 486. 1909. 19: 18l. 1909. 29 : 439. 
1910. 33:456.1911. 41:102.373.1912. 47:260.1912. 63:320.1913. 

s Michaelis, L., & Aizila, Y. Biochem. Z.. 118: 144. 1921. 
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of the electrophoretic mobility of a number of colloids, e. g. maslix 
sols, hemoglobm,® etc., and for the determination of the isoelectric 
point of various enzjines, e. g. catalase,^ and biological pigments, e. g. 
ovoverdin, the carotenoid-protein of the egg of the lobster.® 

In its original form the electrophoresis cell of hlichaelis yields only 
three fractions for subsequent analysis, viz. the fluid in the lower 



Figtjre 2. Electrophoresis Cell for Quantitative Experiments acc. to Michaelis. Con- 
tact Tdth the electrode vessels is established by agar-KCl bridges. Both electrodes are of 
copper and dip into a OuSOi solution. Since the mechanism of depolarization is symmetri- 
cal here, the direction of the current may be re'v ersed during an experiment in contrast to the 
arrangement shown in figcbb 1, A suitable potential gradient is about 3 volt/cm. It is 
produced by applying an external current of 100 volt to an U-tube of 32 cm. length (as 
measured between the tips of the agar bridges whidi are not shown in the figure). 


part of the TT-tube under the two stopcocks and the solutions obtain- 
able from the side limbs above the stopcocks. The provision of two 
additional openings at the top of the side limbs as suggested by H. 
Theorell makes it possible to obtain a much greater number of samples. 
A large series of experiments on blood sera and serum proteins has 
been performed hy Bennhold® with the aid of such a modified cell. 

" Stem, K. Q, Z. Physiol, Chem. 208: 86. 1932. 

« Stem, K. G., & Salomoxi, S. Jour. Biol. Chem. 122: 461. 1938. 
oBeimliold, H. Ergebn. inner. Med. & Kinderhellkunde 42 : 273. 1932. EoUoid. Z. 
62: 129. 1933. 
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Figure 3 shows the form of the apparatus and it illustrates the phe- 
nomena observed during a typical experiment. 

In this particular experiment the bottom compartment was filled 
with serum plus Sudan red plus naphthol yellow while the side arms 
contained salt solutions of the same conductivity and the same pH. 
During the run illustrated in figure 3 A. the pH was 8.2 whereas it 
was 5.0 in the test pictured in figure 3 B. 




Figubu 3. Experiment on the "transport function'* of serum in the modified Micbaelis 
cell (Bennhold). The diameter of the tube was 6 mm throughout. The current had to 
traverse a distance of 45 cm from one to the ocher electrode. The potential applied was 80 v. 
corresponding to a i>otential gradient of 1.8 v/cm. The electrodes were of the Cu-GuSOi 
type. A temperature of 20^ was maintained by immersion Into a tank of 45 liter capacity. 


In the event that the migration of the boundary of a colorless 
colloid, e. g. a protein, is to be observed, a narrow beam of light is pro- 
jected into the system from above with the aid of a condenser lens and 
a strong light source. The presence of protein is thus detected at a 
given level of the tube by the Tyndall phenomenon. For sampling 
purposes a capillary pipette is introduced through one of the top 
orifices of the U-tube after immobilizing the fluid by closing the 
stopcocks. 




152 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Bennhold was able to show that the bilirubin present in serum is 
quantitatively linked to the albumin component whereas the choles- 
terol migrates with the globulin fraction. When naphthol yellow and 
Sudan red are added in small amounts, the former will migrate with 
the albumin and the latter with the globulins thus allowing direct 
visual observations of the electrophoretic separation of the serum 
proteins. If the dyes are added in excess the portion not bound by 
the protein exhibits the high mobility of low-molecular ionized parti- 
cles (see FiGUEE 3). As another example for the usefulness of this 
simple apparatus the following experiment may be quoted. Chem- 
ically purified liver catalase solutions exhibit maxima of light absorp- 
tion in the visible range of the spectrum at 622 and at 409 mjjL. The 
disappearance of the band at 622 m(jL upon adding ethyl hydrogen 
peroxide and its gradual reappearance accompanying the breakdown 
of this substrate (Stern) as well as other observations showed that the 
enzjTne itself was responsible for the absorption maximum in the red. 
In order to determine whether the maximum situated in the violet 
(at 409 my.) is also due to the enzyme or to an impurity a liver catalase 
preparation was subjected to electrophoresis in the modified Michaelis 
cell. The pigment layer was permitted to migrate in a field of 0.95 
V cm at 24® for 26 hours (specific conductivity, 0.0091). At the hydro- 
gen ion concentration chosen (pH 6.78) the enzyme molecule carries 
a negative charge and is sufficient!}" stable under the conditions of the 
experiment. Three fractions were obtained by pipetting off three 
layers, each 2 cm. high, of the pigmented solution contained in the 
anode limb of the apparatus, and the relative absorption spectrum of 
each fraction was recorded with the aid of Hardy's automatic photo- 
electric spectrophotometer. The substantial agreement of the ratios 
of the densities measured at 409 and 622 my., viz. 10.3, 11.4 and 11.5, 
supports the view that both absorption maxima are caused by the 
same substance, i. e. by the enz5me catalase.^® 

QUANTITATIVE ELECTROPHORETIC STUDIES BY THE 
LIGHT ABSORPTION METHOD 

The theory, technique and application to the electrochemical study 
of proteins of the light absorption method are treated in detail in 
the classical publication by Ame Tiselius.^ This work had grown out 
of preliminaiy- experiments by Svedberg with Jette^ and Scott^^ 

stem, K. G. Blochem. Jour, 121: 561. 1937. 

1 Svedberg, T., & Jette, E. R. Jour. Am. Chem. Soc. 45 : 954. 1923. 

Scott, n., is Svedberg, T. Jour. Am. Chem. Soc. 46: 2700. 1924. 
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took photographs of egg albumin solutions during electrophoresis 
utilizing the green fluorescence emitted by the protein when irradiated 
mth long-wave ultraviolet light. The long time of exposure required 
(10 min.), the impossibility to immerse the apparatus in a water 
thermostat, and the risk of contamination by other fluorescent sub- 
stances made the method seem impractical. Consequently Svedberg 
and Tiselius^^ sought to improve the method of optical observation of 
electrophoresis by using the fact that all proteins will absorb more or 
less strongly radiation of wave lengths below 300 m[L, The absorption 
maximum of proteins is usually situated close to 270 my.. In these 
preliminary experiments, performed with egg albumin near the iso- 
electric point, the rate of electrophoretic migration was determined 
by direct measurement of the distances on the photographic plate, 
a procedure yielding only approximate values due to the lack of 
definition of the boundaries and the small distances involved. The 
principle of following the migration of protein boundaries with the aid 
of short-wave ultraviolet radiation was first applied successfully by 
Svedberg and his collaborators to the study of the sedimentation of 
proteins in the ultracentrifuge. 

The general arrangement of the apparatus employed by Tiselius is 
indicated in figure 4. The choice of long focal distances of the 



Method. L, Lamphousing, double-walled and water cooled, containing as the light source a 
quartz mercury lamp of the vertical tyx>e (Heraeus). run on 120-130 v from storage batteries. 
In fiont of the bousing is a screen of ground, fused quartz. T, Water thermostat, main- 
tained at 20® within 0.01®, stirred by a detached motor stirrer and equipped with plane paral- 
lel windows of bubble-free fused quartz. The tank contains the electrophoresis cell (see 
FiouBE 5) in a mount insuring an exactly defined position of the cell and at the same time 
serving as a diaphragm to screen out all radiation except that passing through two rectangu- 
lar openings behind the limbs of the U-tube, R, Camera, equipped with a biconvex quartz 
lens of 630 mm focal length at X - 253 and a combination of chlorine and bromine filters 
transmitting only radiation below 280 m/i to which the plates used (Imperial Process Plates) 
are sensitive and visible light in the yellow and of longer wave length to which the plates em- 
ploy ed are insensitive. The camera is equipped with a movable plate holder accommodating 
20 exposures (7.5 X 35 mm) on one 9 X 12 cm plate. Magnification ratio about unity. 

' Svedberg, T., & Tiselius, A. Jour. Am. Chem. Soc. 48: 2272. 1926. 
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camera lenses is necessary to avoid parallax. Mechanical vibrations 
are excluded by suitable shock-proofing. 

The electrophoresis cell used by Tiselius is shown in figure 5. 



The portion of the TJ-tube in which the migration of the boundaries 
of the protein solution is recorded by ultraviolet photography consists 
of fused bubble-free quartz. The two cylindrical limbs are ground 
vdth precision to yield a uniform cross section (0.76 cm^). The mi- 
gration of the boundaries is followed within an area enclosed by two 
indices (30 mm distance). The bottom of the U-tube is connected 
through a capillary and a stopcock with the storage vessel for the 
protein solution. This vessel as well as the remainder of the cell are 
made of glass and connection is made with the quartz U-tube by 
rubber tubing. The comparatively large electrode vessels are con- 
nected with KCl storage containers through glass capillaries. The 
electrodes are of the silver-silver chloride type and are immersed in 
saturated KCl solution. The current needed is supplied by a storage 
battery of 50 cells (100 v). 

The experimental procedure is briefly as follows. The electrode 
vessels and the U-tube are filled with the supernatant buffer to be 
used in the experiment. The buffer must have the same pH and the 
same conductivity as the protein solution. This condition can be met 
by dialyzing the protein solution against the supernatant buffer or by 
the addition of a neutral salt, e. g. KCl, to the solution of lower con- 
ductivity under conductometric control. While the stopcocks are 
kept closed the central storage vessel in the back of the cell is filled 
with the protein solution and the two side storage vessels are filled 
with saturated KCl solution. After placing the electrodes into the 
large cylindrical vessels the cell is immersed in the water thermostat. 
When temperature equilibrium is reached the two side stopcocks are 
opened and the KCl solution is allowed to flow slowly into the elec- 
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trode vessels and to stratify there under the buffer solution. The 
electrodes are now surrounded by concentrated KCl solution as is 
required for reversibility of the electrodes. Now the stopcock con- 
necting the U-tube with the protein container is cautiously turned 
until a flow of the protein solution through the capillary tube is just 
perceptible. Tiselius recommends to increase the pressure gradually 
by air pressure regulated by a water manometer arrangement. Ex- 
perience in this laboratory has shown that satisfactory boundary 
formation may also be obtained by refilling the protein container up 
to the original level from time to time and thus permitting the protein 
solution to enter the U-tube under its own hydrostatic pressure. 
The formation of a sharp boundary is an essential condition in this 
method and it requires a little experience. In the light absorption 
method the protein concentration is limited to a narrow range if the 
photographic image is to show the correct contrast. On the other 
hand, the higher the density of the protein solution the easier is the 
stratification and the smaller becomes the risk of boundary disturb- 
ances due to thermal convection during electrophoresis. The protein 
concentration satisfactory for the diameter of the quartz tube em- 
ployed by Tiselius (9.9 mm) was found to be 0.1 to 0.4 per cent. 
When the protein boundary has reached the middle between the two 
indices on the U-tube the stopcock is closed and the current is switched 
on. Photographic exposures are taken in regular intervals, depending 
on the mobility of the protein at the hydrogen ion concentration 
chosen. After some time the direction of the current is reversed and 
more exposures are taken while the boundaries move back to the 
original position. A series of pictures secured in this way is repro- 
duced in FIGURE 6. 

After the completion of a run the U-tube is filled with a series of 
different concentrations of the protein used in the experiment and 
photographs are taken on the same plate in order to obtain a concen- 
tration scale giving the relation between the actual protein concen- 
tration and the degree of blackening of the photographic plate. The 
plate is then analyzed with the aid of a registering microphotometer. 
The curves thus obtained form not only the base for the calculation 
of the electrophoretic mobility of the protein but their shape indicates 
also the degree of homogeneity of the preparation examined. If the 
solution contains only one component of a high degree of electro- 
chemical homogeneity the slope of the photometer curves remains 
essentially unchanged throughout the course of the experiment, the 
only change which takes place being the distance of the boundary from 
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the indices. A minor degree of homogeneity is indicated by a change 
in slope of the photometer curves with time, i. e, by a spreading of the 
protein boundary in excess of that normally occurring due to diffusion. 
The presence of several electrochemically different components is 
revealed by distinct steps in the photometer tracing. The mobility, 
Uf is defined as the distance of migration per second per volt, expressed 
in cm. For proteins it is found of the order of 10""® cm® sec""^ A 
protein is perhaps best characterized in electrochemical respect by 
the value of the slope of the pH-mobility curve near the isoelectric 
point (du/d pHo). But it is often desirable to construct, from a 



Figubs 6 . Electroplioresis of C-ptiycocyaxi, a <dironioproteld from algae, the light 
absorption method (Tiselius). 

number of experiments at varying hydrogen concentrations, a com- 
plete pH-mobility curve. 

The accurate determination of the mobility requires an accurate 
knowledge of the potential gradient existing in the U-tube during the 
experiment. Contrary to the usage of reading off the voltage on the 
apparatus and dividing it by the distance between the electrodes 
Tiselius prefers to measure the current intensity at frequent intervals 
and to obtain the potential gradient, F, with the aid of the formula 



where i = current intensity in terms of ampere, k = conductivity of 
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the solutions, and q = cross section of the U-tube at the place where 
migration of the boundaries occurs. 

It is of importance to ascertain the extent of heat production in the 
apparatus during electrophoresis. The heat w watt produced per cm® 
and second in a tube of the cross section area q cm® at a current 
intensity i ampere and a conductivity k is obtained by 

w = — F® K. 

K 

The heat production is therefore independent of the dimensions of 
the U-tube. In test experiments with alternating current Tiselius 
found that with a protein concentration of 0.2 per cent heat effects 
may cause boundary disturbances if the heat production exceeds 
10“® watt per cm®. Marked thermal disturbances manifest themselves 
by sharpening of the boundary and by the upward streaming of a 
fine column of dilute protein solution in the center of the boundary 
(see also Tiselius^^). 

For a discussion of other boundary anomalies reference is made to 
Tiselius* paper.® 

The following well-defined proteins were studied by Tiselius with 
the aid of the light absorption method: Egg albumin, serum albumin, 
the algae chromoproteins phycoerythrin and phy cocyan, Bence Jones 
protein, helix hemocyanin. All of these proteins are sufficiently 
soluble in the vicinity of the isoelectric point to permit a determina- 
tion of the value of du/d pHo. It was found that the position of the 
isoelectric point depends to some extent upon the composition of the 
medium. In the case of egg albumin there exists a distinct discrepancy 
between the isoelectric point and the point of minimum acid-base 
binding capacity. From the mobilities in the isoelectric region and 
the molar frictional coefficients as determined with the ultracentiifuge 
the apparent charge of the proteins could be calculated. Experiments 
with artificial protein mixtures, e. g, Bence Jones protein plus phyco- 
erythrin or egg albumin plus Bence Jones protein, and with hetero- 
geneous natural protein preparations, e. g, serum globulin, demon- 
strated the value of the method as a test for homogeneity. It was 
possible to study the effect of purification of protein preparations on 
the electrophoretic diagram. Thus an egg-white preparation from 
which the globulin component had been removed by dialysis yielded 
a distinctly distorted curve upon photometry of the migrating bound- 
ary indicative of a substance moving in the same direction as egg 


Tiselius, A. Trans. Faraday Soc. 33 : 524. 1937. 



158 


ANNALS NEW YORK ACADEMY OF SCIENCES 


albumin but with a greater mobility (probably ovomucoid). On the 
other hand it was found that a material which proves to be non- 
uniform in the analytical ultracentrifuge does not necessarily exhibit 
inhomogeneity in the electrophoresis apparatus. A case in point is 
the phenomenon of reversible pH-dissociation of large protein mole- 
cules at hydrogen ion concentrations far from the isoelectric point. 
C-phycocyan and phycoerythrin, for example, which according to 
Svedberg and Katsurai tend to dissociate into smaller particles at 
pH 6.8 and 11 respectively are electrochemically homogeneous under 
the same conditions. This fact demonstrates clearly that the rate of 
migration in an electrical field is primarily a function of the charge 
on the protein molecule and is only little influenced by its shape or 
size. As long as the charge remains constant the mere dissociation of 
macromolecules into smaller aggregates does not manifest itself upon 
electrophoretic analysis. It is to be expected that factors of secondary 
importance with regard to electrophoretic mobility, e. g. shape and 
size, will be more readily detected in experiments at high mobilities, 
i. €. when working far away from the isoelectric point, whereas infor- 
mation concerning the uniformity of the particles with regard to the 
isoelectric point may best be gained when operating at low mobilities. 
A so-called “isoelectric zone^’ where migration takes place towards 
both electrodes at the same time is always indicative of non-homo- 
geneity of a protein preparation. A single well-defined protein should 
show an equally well-defined point of reversal of direction of migra- 
tion upon varying the hydrogen ion concentration. 

Following the original work of Tiselius with the light absorption 
method the apparatus has been used by Tiselius and other investiga- 
tors in Svedberg ’s laboratory in a number of investigations. As far as 
the reviewer is aware this type of arrangement has not been dupli- 
cated elsewhere, probably owing to the difficulties and expenses in- 
volved in obtaining the necessary quartz parts of high optical quality. 
Up to this date, however, the method appears to be capable of 
yielding the most precise values obtainable for electrophoretic mo- 
bilities and therefore also for the position of the isoelectric point. 
As a test for electro-chemical homogeneity, however, it has been some- 
what supplanted by the introduction of the Toepler schlieren method 
as the procedure of optical analysis (see below). 

The light absorption method, employing both short-wave and long- 
wave ultraviolet light, has been applied to the electrophoretic study 
of a number of respiratory pigments, e. g. various hemocyanins and 
erythrocruorins, and in particular to the determination of their iso- 
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electric points and their du/d pHo-values, by Pedersen^® and by 
Svedberg et al.^® The measurements showed that the isoelectric 
point of respiratory proteins varies from species to species while the 
molecular weight remains frequently the same. The isoelectric point 
of the hemocyanin from Helix pomatia, for example, is 5.05 while that 
from Helix nemoralis is 4.63, both proteins having a molecular weight 
of 6,400,000 near the isoelectric point. On the other hand it was 
found, in confirmation of the earlier work of Tiselius on the algae 
proteins® that at pH 8.2 the hemocyanin of Helix pomatia has three 
well-defined components of molecular weight 6,400,000, 3,200,000 
and 800,000, all of which are identical in electrophoretic behavior. 

In the course of their experiments on crystalline preparations of 
Stanley's tobacco mosaic virus protein Eriksson-Quensel and Sved- 
berg^^ detected a certain degree of molecular inhomogeneity in virus 
protein preparations which had been repeatedly recrystallized. In 
spite of this lack of homogeneity in the ultracentiifugal field the 
samples showed a very uniform electrophoretic migration. The iso- 
electric point was found to be 3.49 and the slope of the mobility 
pH-curve (du/d pHo) 12.3 X lO’"®. Later work by Stanley and 
Wyckoff has shown that the polydispersity of these early samples of 
the virus protein had been induced by the chemical treatment in- 
volved in their preparation (exposure to high salt concentrations) 
whereas virus protein preparations obtained by quantity ultracentri- 
fugation are monodisperse. 

Tiselius,^® in 1937, reinvestigated the problem of electrophoresis of 
the normal serum globulin fraction of the horse and the rabbit, and 
while he was able to establish the general shape of the pH-mobility 
curve of the preparations he concluded that both protein preparations 
are electrochemically heterogeneous. The results obtained in this 
study were to be somewhat revised and amplified a little later with 
the aid of the new apparatus employing the Toepler schlieren method 
(see below). A study of antibody preparations isolated by Heidel- 
berger from type specific antipneumococcus horse and rabbit sera, 
conducted at the same time (Tiselius^®) indicated that the pH-mo- 
bility curves of these preparations are distinctly different from those 
of normal serum proteins. Such a difference in electrophoretic proper- 
ties, in turn, is strongly suggestive of differences in chemical consti- 
tution between the proteins studied. 

Pedersen, K. O. KoUoid. Z. 63; 268. 1933. 

16 Svedberg, T., et al. Jour. Biol. Ohem. 103: 811. 1933. 

17 Eriksson-Quensel, X. B., ds Svedberg, T. Jour. Am. Chem. Soe. 68: 1863. 1936. 

18 TiseUus, A. Biochem. Jour. 31: 313. 1937. 

10 Tiselius, A. Jour. Exp. Med. 65 : 641. 1937. 
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APPARATUS FOR ANALYTICAL AND FOR PREPARATIVE 
PURPOSES OF H. THEORELL 

If we except the application of electrophoretic methods to industrial 
problems (cf. Prausnitz and Reitstoetter®), it may be stated that up to 
1934 electrophoretic experiments in biochemical research laboratories 
had been mainly conducted either with a view of determining by 
optical methods the electrical mobility and the isoelectric point of 
colloids of the type of proteins or in order to ascertain the sense of 
migration under a given set of conditions and, if possible, to effect a 
resolution of multi-component systems. H. Theorell developed equip- 
ment which cannot only be applied to studies of that type but which 
furthermore may be used for the electrophoretic purification and iso- 
lation of biocolloids. 

Apparatus for Anals^ical Studies 

In designing this small-scale electrophoresis cell Theorell-*^ attempted 
to satisfy the following conditions: (1) The cross section of the U-tube 
must be sufficiently large to permit the performance of analyses of the 
contents and activity of several successive layers of relatively small 
height which should be located both below and above the original 
level of the boundary between the colloid and the buffer solution; (2) 
The U-tube should be of uniform diameter throughout to allow the 
calculation of the potential gradient for any part of the tube and thus 
the computation of the electrophoretic mobility; (3) Connection be- 
tween the successive layers in the U-tube and mechanical separation 
should be accomplished without the risk of disturbing boundaries or 
concentration gradients; (4) The wall thickness of the U-tube should 
be uniform to prevent thermal convection currents set up by uneven 
heat distribution during the run and due to differences in thermal 
insulation and conduction ; (5) The sol of the colloid under investigation 
must be sufficiently far removed from the electrodes to protect it from 
the diffusion of products of electrolysis. The arrangement designed 
to meet these requirements is depicted in pigube 7. 

A view of the complete apparatus is shown in the left half of the 
figure. The U-tube (16 mm diameter) is built up of 12 cylindrical 
glass cells, each 10 mm high, planed off and pohshed, the form of 
which is indicated in the right lower half of the figure. There are 
interposed between these cells hard rubber disks, turning around a 
central axis, 0.25 mm thick in the region adjoining the glass cells, as 


-0 Theorell, H. Biochem. Z. 276; 1 . 1934. 
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shown in the right upper half of the figure. By manipulating the 
lever d, contact between two adjoining glass elements may be estab- 
lished through the openings e in the disks or they may be shut off 
from each other by the solid part of the disks, 6. The glass cells and 
the rubber disks are mounted in a brass frame which holds them 
firmly aligned under screw pressure. Free gliding of the disks and 
freedom from leaks and current loops are assured by liberal use of 
white vaseline. The electrodes consist of silver wire and silver foil 
electrolytically plated with AgCl. The side vessels h serve for the 



Figuiub 7. Apparatus for Analytical Purposes acc. to Tbeorell. 

storage of KCI solution previous to stratification of the latter at the 
bottom of the electrode vessels. 

A suitable working potential for the apparatus is one of 220 V. 
which may be taken from the mains provided that the frequent fluc- 
tuations are smoothed out by voltage regulator lamps (iron wires in 
a hydrogen atmosphere). A suitable current intensity is one of about 
5 milliampere. The current may of course also be drawn from radio 
B batteries. Usually the heat effect is kept below 5 X 10~® watt/cm® 
but this limit may be somewhat exceeded, if necessary, without serious 
consequences. This latitude is afforded by the fact that the main- 
tenance of sharply defined boundaries during the electrophoresis 
experiment is not necessary in TheorelFs apparatus since no optical 
analysis is performed. 

For the details of the manipulation of the apparatus reference is 
made to the paper by TheoreU.^® The essential feature of the pro- 
cedure is the filling of the cell to a certain level with the sol to be 
studied, all disks being set to permit free contact between the various 
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glass segments, and the subsequent filling of the remainder of the 
apparatus with buffer solution of the same pH and conductivity. 
The lumen of the U-tube is kept open during the electrophoresis. 
At the conclusion of the run the individual glass cells are shut off by 
revolving the hard rubber disks and the contents of the cells are 
successively removed for analysis. The electrophoretic mobility of the 
substance under investigation is calculated by means of the formula 


II = j where k the conductivity in terms of reciprocal ohms, q the 

cross section of the tube in cm^, i the current intensity in amps, t the 
time in seconds, and x the distance of migration of the colloid in cm. 
This distance is obtained as the mean of the migration of the substnace 


in the anode and in the cathode limb of the apparatus { a: = 




cm^ 


If sufficiently specific methods of analysis are used the mobility of 
the indmdual components of a mixture may be determined without 
previous chemical separation. 

Probably the greatest asset of the multi-segment type of electro- 
phoresis apparatus is the possibility of obtaining a suflBicient number 
of different samples for analysis so that important physical-chemical 
properties of the colloid (or crystalloid) under investigation, e. g, 
electrical mobility at var;^’ing pH, position of the isoelectric point, 
etc. may be determined if its presence can be detected by a suitable 
test, even when its absolute concentration is very small and the degree 
of purity quite low. The application of this apparatus to a number of 
important biochemical problems has been attended by an equal 
number of successes. The most spectacular one thus far has been the 
preparation, in pure form, of the yellow oxidation enzyme of Warburg 
by Theorell. The chemical purification procedures employed by 
Warburg and Christian (cf. Theorell^O tad led to the removal of other 
pigments but had not been able to separate the enzyme from large 
amounts of highmolecular impurities such as proteins and polysac- 
charides. As a matter of fact the question whether the bearer portion 
of the enzyme complex was a protein or a polysaccharide was still 
debated when Theorell applied himself to the problem. The isoelectric 
point was found at pH 5.15 and electrophoresis on the acid side of this 
point jdelded a purified enzyme preparation with a nitrogen content 
of 16 per cent, wliich proved the protein nature of the catalyst. While 
large-scale purification was only posable after the larger apparatus 
had been constructed (see below) it was possible to obtain small 


» Theorell, H. Ergebnisse Enz^mfor^ung 6: 111. 1937. 
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amounts of the pure yellow enzyme already with the aid of the present 
small cell. Thus the riboflavin concentration could be increased from 
0.01 per cent to 0.3 per cent. The impurities which could be eliminated 
were: an electroneutral colloid, probably a polysaccharide (50%), a 
colloid migrating to the anode at any pH (40%), and a nitrogen con- 
taining substance withanodic migration at pH 4.65 (6%) (TheorelF' 22 ) 

Other examples of the usefulness of the apparatus are the separation 
of the protein carrier of the hexosemonophosphate dehydrogenase 
(Warburg's “zwischenferment") from concomitant hemoglobin (Theo- 
relP®) ; the characterization of the coferment of this dehydrogenase as 
a phosphoric acid ester at a time when only relatively crude prepara- 
tions were available of the substance which was later identified as a 
triphosphopyridine nucleotide (Theorell^^) ; the subdivision of the 
hematopoietic liver principle into a thermostable component (R-f actor), 
producing reticulocytosis and replaceable by thymonucleic acid, and a 
thermolabile (E-factor) necessary to cause erythropoiesis (Eisler, 
Hammarsten and TheorelP); the control of chemical purification 
procedures aiming at the isolation of the antigenic substance produced 
by diphtheria bacilli in the culture medium (Theorell and Norlin^®); 
the electrochemical study of cytochrome c (Theorell*^). 

It is of interest to note that the apparatus may also be used for 
diffusion measurements. This is done by filling the three lower 
compartments of one limb with the solution to be measured and the 
three upper cells with water. Only one disk is interposed at the level 
where the solution and the solvent meet. After temperature equilibra- 
tion the disk is rotated to permit the formation of a sharp boundary. 
At the end of the experiment all segments are shut off by the corre- 
sponding disks and the contents are analyzed. Two diffusion ex- 
periments may be conducted simultaneously in the two limbs of the 
apparatus. It is important to keep the temperature constant within 
narrow limits in such experiments. TheorelP® has used the apparatus 
in this way for the study of the diffusion of the coferment of the hexo- 
semonophosphate dehydrogenase of Warburg and Christian. He 
concluded on the basis of his results that the coenzyme is a tetrabasic 
acid and probably a diphosphoric acid ester. The mathematical 
treatment of such diffusion experiments will be found in his paper.-® 

Theorell, H. Naturwissenschaften 22: 289. 1934. Biochem Z. 272: 155. 1934 

» Theorell, H. Naturwissenschaften. 22 : 290. 1934. 

- Theorell, H. Biochem. Z. 275 : 30. 1934. 

2i Eisler, B., Hammarsten, E., & Theorell, H. Naturwissenschaften. 24: 142. 1936. 
Skand. Arch. Physiol. 77. 1937. 

» Theorell, H., Ss Norlin, G. Z. ImmonltAts. 91: 62. 1937. 

3- Theorell, H. Biochem. Z.. 279: 463. 1935. 285:207.1936. 

28 Theorell, H. Biochem. Z. 275: 19. 1934. 
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Interesting experiments on extracellular proteases and crystalline 
secretin have recently been performed by Agren and Hammarsten^^ 
vith Theoreirs apparatus. In a crystalline pepsin preparation made 
according to Northrop at least two protein components could be 
demonstrated. Trypsin and carboxypolypeptidase show the behavior 
of undissociated molecules when subjected to electrophoresis in 30 
per cent glycerol solution, i. e. they remain stationary in the electric 
field. NYhen studied in aqueous solutions crystalline carboxypoly- 
peptidase prepared according to Anson shows strongly acidic character 
and may be dissociated into at least three separate enzymatic com- 
ponents. Purification from tryptic activity may be accomplished by 
adding protamine which migrates as a base and which will act as a 
carrier for the tryptic component when present in large excess.^® 

Agner®° has recently used TheorelPs small-scale apparatus for 
testing the puritj’ of horse liver preparations which had been obtained 
by ammonium sulfate fractionation. Upon analysis of the contents 
of the various compartments it was found that the N- and Fe-concen- 
trations were both proportional to the activity of the enzyme solution 
in the cells. The copper present in the enzyme preparation also 
accompanied the enzjunatic activity upon electrophoresis 'v\ith the 
exception of one cell where the Cu content was twice that usually 
foimd. 

The modifications recently proposed by Meyerhof and Mohle®^ are 
primarily aimed at mechanical improvement of the original Theorell 
apparatus for analytical purposes. A longitudinal section through 
the improved arrangement is shown in figuee 8. 

In modifjdng certain mechanical features of the original apparatus 
the authors strove (1) to mount the cell as stably as possible to elim- 
inate risks arising through vibrations, (2) to put the glass segments 
imder an even pressure and to improve their fit so as to prevent leaks 
and current loops and (3) to facilitate the filling of the apparatus and 
the manipulation of the shutter disks from without the tank in order 
to avoid conv’ection currents. The temperature was maintained 
constant at 20® within 0.001® with the aid of a slow stream of cooling 
water and a gas microburner equipped with a gas pressure regulator 
and controlled by a toluene thermo-regulator. As a source of current 
a radio B battery of 100 Y. was used as an additional safeguard against 
v^agabond currents. 

Agren, G., & Hammarsten, S. Eszymologia 4: 49. 1937. Jour. Physiol. 90 : 330. 
1937. 

30 Agner, K. Biochem. Jour. 32: 1702. 1038. 

31 Myerhof, O. & Moble, W. Biochem. Z. 294; 249. 1937. 
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Meyerhof and Mohle®^ have employed this apparatus in electro- 
phoretic investigations on important components of the fermentation 
systems of yeast and muscle tissue. The isoelectric point of cozymase 
was found at pH 3 and the electrotitration curve could be duplicated 
by plotting the electric mobility curve. When examining hexahydro- 
cozymase an additional weak acidic dissociation constant could be 



Fiqube 8. Modification of Theorell’s Small-scale Apparatus by Meyerhof and Mbhle. 
a. Brass fi-ame of the apparatus to fit the wall of the thermostat, b; c, pins to secure position 
of cell holder; d, hard rubber disks (0.2 mm) mounted in brass rings, e; f, brass strip across 
disks to serve as lever; g, bent metal tool for turning disks from above: h, extension of central 
axis to carry the tool g; 1, small pin to fit hole, k, in lever of disks; m, brass holder for electrode 
vessels; n, brass bridge for holding the glass segments of the U-tube together under pressure; 
o and o', springs attached to hooks, p, of U-tube and to hooks of glass joints of side arms; r, 
arrangement for equalization of hydrostatic pressure in apparatus. The glass rings forming 
the Umbs of the U-tube are ground and polished like optical flats. The right electrode vessel 
and other parts of the apparatus which is ssmimetrlcal with respect to the axia have been 
omitted in the drawing. For greasiag the glass rings and the hard rubber disks lanoline was 
found superior to vaseline. 

detected. The enzyme hexokinase as prepared by CO 2 precipitation 
of yeast maceration juice has an isoelectric point at pH 4.9 whereas 
the enzyme obtained from autolyzed yeast shows a slightly different 
electrophoretic behavior. Zymohexase, the enzyme in muscle extracts 
catalyzing the equilibrium reaction Hexosediphosphoric acid > 2 
Dihydroxyacetonephosphoric acid, has an isoelectric point of pH 6.9. 
The pH-mobility curve has a much smaller slope on the alkaline than 
on the acid side of the isoelectric point. 


Apparatus for Preparative Purposes 

Although the apparatus described in the preceding section was 
developed primarily for analytical purposes it may also be used for the 
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purification of colloids. However, the volume of the individual glass 
cells (2 ccm) is too small to lend itself to preparative operations on a 
practical scale. In principle a cylindrical U-tube is not very suitable 
for preparative purposes because the diameter of the tube is limited 
to small dimensions if adequate cooling even of the central portion 
is to be safeguarded. The second apparatus of TheorelP^ for prepara- 
tive purposes is therefore designed along different lines (figure 9). 



Figure 9, Theorell’s Apparatus for Preparative Purposes. A, Separation chamber; 
B and C, Electrode vessels (10 liter) ; D. Intermediary Chamber (10 liter) ; E and H, communi- 
cation pieces; F and G. glass cylinders (10.5 cm. diameter, 4 cm high); J, K, and L, Mem- 
branes, two of which (J and L) are impermeable for the colloid to be purified while K is per- 
meable for it; 1, 2, 3 and 4, taps for admitting and withdrawing fluids; P, storage vessels for 
saturated KCl solution; T, thermostat to be filled with ice or fiu^ed with cold water, equipped 
with glass windows; Source of current: Alternating current obtained from the mains (220 V.) 
is transformed into a current of 3000 V. by a transformer (1000 watt maximum) and then 
rectified by a tube capable of handling a maximum of 3000 V. and 3 Amp. 


The principle of the apparatus is as follows. The colloid to be 
purified is permitted to migrate in the electric field from one compart- 
ment (F) into another (G) through a permeable membrane. The 
colloid is prevented from leaving the second cell by an impermeable 
membrane. While it thus accumulates in this chamber, the colloidal 
impurities remain in the first cell if the experimental conditions are 
correctly chosen. The yield is almost quantitative in a relatively 
short time provided that a suflBiciently high voltage is applied. The 
electrodes are reversible and the current passes through a buffer solu- 
tion of the same pH and conductivity as the solution of the colloid. 
In selecting the membranes not only the permeability towards the 


« Theorell, H. Biodiem. Z. 278: 291. 1935. 
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colloid but also their effect on the hydrogen ion and salt concentration 
within the compartments F and G must be considered. Their nature 
will probably vary from case to case depending on the nature of the 
substance to be purified and on the experimental conditions. It is 
noteworthy that for preparative purposes it is not necessary to main- 
tain a constant and low temperature throughout the entire apparatus. 
Thus, when using a buffer solution of a conductivity of k = 0.34. 10~3 
recipr. ohms and working at about 2000 V. and 0.2 Amp, the tempera- 
ture in the bend of E as read on the' thermometer e (stguee 9) may 
rise to 60 and 70® without interfering with the experiment. With 
adequate cooling in T, the temperature in the separation cells F and 
G will remain below 10® when a potential gradient of 6 V./cm, which 
is suitable for rapid electrophoretic separation, is applied. In practice 
it is not feasible to maintain a perfectly constant pH and conductivity 
in all parts of the apparatus during the experiments, but minor changes 
have been found to be harmless by experience. 

Thus far, the apparatus has been mainly employed in the large- 
scale purification of the yellow oxidation enzyme of Warbm'g and 
Christian from bottom yeast. The term “large-scale^' is to be taken 
as relative only, when comparing the capacity of the glass segments of 
the present apparatus (350 cc) with that of the apparatus discussed 
above (2 cc). TheorelP^* was able, with the aid of the apparatus, to 
remove large amounts of contaminating polysaccharides from prepara- 
tions of the yellow enzyme, a finding that was later confirmed by Kuhn 
and Rudy.®® In order to eliminate the last traces of associated foreign 
proteins, however, Theorell found it necessary to subject the electro- 
phoretically purified yellow enzyme to ammonium sulfate fractiona- 
tion while Kuhn and Rudy employed adsorption on aluminum hydrox- 
ide gel for this purpose. After a number of trials Theorell determined 
the following conditions as optimal for electrophoretic purification of 
the enzyme: Acetate buffer of pH 4.1 and k = 0.34.10“®; hardened 
filter paper (Schleicher and Schtill) as material for the permeable 
membrane, K; genuine parchment paper as material for the imperme- 
able membranes, J and L; current intensity of 0.16 Amp; length of 
electrophoresis 14 hours. It should be mentioned that the isoelectric 
point of the enzyme is at pH 5.2 and that its molecular weight is about 
80,000. Attempts to substitute for the filter paper sintered glass filter 
plates as permeable membranes and for the parchment paper cello- 
phane or albumin-collodion sheets as impermeable membranes were 
unsuccessful in the present case. These membranes gave rise to dis- 
turbances due to endosmosis and gross pH- and conductivity changes. 

33 Kuhn, B., & Budy, H. Ber. 69: 1974. 1936. 
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Recently the apparatus has also been applied to the purification of 
c}i:ochrome c (Theorell^^). Cytochrome preparations from beef 
heart muscle which had been chemically purified by ammonium sul- 
fate fractionation could be obtained completely pure by electropho- 
resis. It was found best to work with buffer solutions of pH 9, where 
the cytochrome migrates towards the cathode (isoelectric point pH 9.8) 
w’hile the protein impurities will all migrate towards the anode at this 
high pH. By inserting a filter paper diaphragm the small-scale 
apparatus (see above) could be used for the electrophoretic pmifica- 
tion of small quantities of cytochrome. Recently Theorell has been 
able to raise the iron content of cytochrome c from 0.34 to more than 
0.4 per cent by an electrophoretic procedure (unpublished). 


ELECTROPHORETIC STUDIES WITH THE NEW 
APPARATUS AND METHODS OF TISELIUS 

The moving boundary method of electrophoresis has derived what 
might prove to be its greatest stimulus in its history from the recent 
experimental contributions made by Arne Tiselius. In continuation 
of his earlier w^ork on the electrophoresis of proteins which has already 
been discussed above, Tiselius has designed new equipment and he 
has applied new methods of optical analysis to the moving boundary 
method. With the aid of these new and efficient methods he and his 
co-workers have been able to obtain results within the past two years 
the importance of which can hardly be underestimated. In his hands 
the method has experienced such a swift evolution tow^ards utmost 
refinement that many workers in the field are inclined to rate the 
method of electrophoresis as an even more specific and powerful tool 
for the sorting of protein molecules than the method of ultracentri- 
fugation which has been developed in the same institute under the 
leadership of The Svedberg. 


The Separation Apparatus of Tiselius 

A schematic longitudinal section through the new apparatus is 
show'n in figuee 10. (Tiselius^'*.) 

The apparatus is composed of a central U-tube part connected with 
rubber tubing through intermediary glass pieces with the electrode 
vessels the volume of which depends on the duration of the proposed 
experiment (0.5 to 2 liters). The electrode vessels contain reversible 
Ag-AgCl electrodes surrounded by a bottom layer of saturated KCl 
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solution as in the earlier Tiselius cell.®® The TJ-tube portion itself is 
built up of rectangular glass cells which are made from parallel glass 
plates, cemented with acid-proof silicate cement. The bottom part 
was originally rounded like an U but has been replaced subsequently 
by a flat rectangular cell. All sections of the U-tube, including the 
top part serving for the connection with the electrode tubes, are ce- 
mented to comparatively large precision-ground glass plates which are 
well greased to permit free gliding. Tiselius recommends vaseline 
thinned with paraflane oil (2 parts to 1) for the purpose. In this 
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I'lG, 3- — Apparatus for flcctrophorttic analyiix. 
fi, represent the electrode tubes (the larger 
type), r rubber tubings; I, II. III. IV. the four 
U-tube sections, of which II and III can be moved 
with the pneumatic arrangement P,. P,. P,. 


Figubb 10. TlseUos’ New Apparatus for Elecrtophoretic Separations 


laboratory “celloseal,'^ a new proprietary lubricant, is used to ad- 
vantage because it shows very little change in viscosity with tempera- 
ture in the range from 0 to 25®. The glass sections are held together 
in a metal stand under slight spring pressure. The arrangement re- 
sembles in certain respects the diflusion apparatus of Cohen and 
Bruins. The sections are moved by a pneumatic arrangement (shown 
by the dotted lines in figueb 10) which is actuated by a small air 
pump. A slight motion of the sections shuts them off from each other 
or, when reversed, aligns them in a precise manner. 

The separation cells so far made have been of three different sizes. 
The most extensively used type is one accommodating 11 cc. of the sol 
to be studied in the two lower glass compartments plus the bottom 
piece. The internal cross-section of these cells is 3 X 25 mm, each 

»a The latest modd has a V-shaped cemented bottom piece which, contrary to the flat cell, 
permits the passage of protein boundaries without mechanical disturbances. 
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cell holding about 4 cc. of fluid. More recently (Tiselius”) a micro- 
apparatus for 2 cc. solution and a macro-apparatus for 150 cc. solution 
have been described. 

In electrophoretic fractionation studies the following considerations 
(Tiselius^^) must be taken into account. 

“Consider two components, A and B, with the mobilities ua and ub 
migrating in the same or in opposite directions in an electrophoresis 
tube of cross section area q cm-. The plus sign indicates a positive 
charge for «a and ub, and vice versa. If the current is i amp and the 
conductivity K ohm~S the potential gradient in the tube is i/qK 
volt/ cm and the boundaries will move with the velocities i UA/q K and 
i uslq K cm per sec. After a time t partial separation has taken place, 
so that, diffusion being neglected, the volume in cc. on each side con- 
taining pme A or £ is 

Independently therefore of the dimensions of the apparatus, a given 

degree of separation corresponds to a certain amount of electricity 

sent through. It is assumed that reversible electrode tubes of some 

sort are used, and that the ions surrounding the electrodes have a 

mobility of u. When the quantity of electricity ixti^ sent through, 

• it 

these ions similarly sweep through a volume in cc. of w a;-=. If the 

volume in cc. of colloidal solution to be separated is Vs, there must be a 
u 

volume of at least ; between the electrodes and the bounda- 

ua + ub 

lies, otherwise the ions originally present at the electrodes would reach 
the boundaries. In practice the volume should be about twice as 
large, since diffusion also interferes. If we desire to separate, say, 
10 cc of two components with a difference in mobility of 0.5 X 10“5, 
using reversible KCl(AgCl)Ag electrodes, the mobility of K and Cl 
being 65 X 10“^, the calculated electrode vessel volume would be 
65 

— X 10 — 1300 cc, and that used should be about 2600 cc.” 

U.o 

It would be expected that for the macro-cells very large electrode 
vessels would be required in order to prevent appreciable changes in 
electrolyte distribution throughout the apparatus in experiments of 
long duration. It has now been found (Tiselius®^* ®®) that electrode 

M Tiselhis, A. KoUold Z. 85: 129. 1938. 

» Tiselins, A. Svensk. gem. Tid. 50: 5S. 1938. 
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flasks of ordinary size may be used if a layer of concentrated buffer 
solution is interposed in the electrode vessels between the KCl solution 
at the bottom and the supernatant dilute buffer which has been 
equilibrated by dialysis against the colloid solution. The boundary 
between the concentrated and the dilute buffer solutions will remain 
almost stationary even when current is sent through the cell for a long 
time. The main difficulty in preparative work, however, particularly 
with fairly concentrated sols are the changes in ionic concentration 
which occur at the interface between the solution of the colloid and 
the supernatant buffer. They give rise to false boundaries (so-called 
S-boundaries, see below), to changes in H-ion concentration and other 
anomalies which are still being investigated in Upsala and other 
laboratories. 

Probably the most ingenious feature of the new apparatus of Tise- 
lius is the so-called compensation movement , the theory of which 
he described as follows.^^ 

''When both substances migrate in the same direction the possibility 
of sufficient separation is limited by the fact that long before the 
desired separation has been reached, both substances have migrated 
out of the electrophoresis tube. This is a somewhat serious limitation, 
since the absolute differences in mobilities are very often much larger 
at pH regions where both components have mobilities of the same 
sign {e, g. the serum proteins). Moreover, lack of solubility often 
prevents a choice of a pH between the isoelectric points. For this 
reason we arranged for a slow and uniform movement of the solution 
in the electrophoresis tube at an exactly known rate and in a direction 
opposite to the migration, by slowly lifting a cylindrical glass tube by 
clockwork out of the liquid in one electrode tube dining the electro- 
phoresis. If the rate at which the tube is lifted is I cm per hour, its 
cross-section area p cm®, the free surface of the liquid in each electrode 
tube Q cm®, and the cross-section area of the electrophoresis tube q cm® 
then a movement of a given level in this tube will take place, at a rate 

IpQ 


of 


" cm per hour. By suitably chosing I and p any desired 


q{2Q-p) 

rate can be obtained; even in the narrow tubes used in our apparatus a 
rate of several centimetres per hour did not markedly blur the bound- 
aries in the electrophoresis tube. For fractionation purposes, this 
"compensation movement’^ is adjusted so that the observed boundary 
separating two fractions obtains a suitable "apparent mobility’^ and 
consequently, at the end of the run, the column of the solution can be 
cut off exactly at the right place. . 
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The compensation movement may be used in several ways. Thus, 
the shift in the level of the boundary of the colloid due to electropho- 
retic migration may be offset by the change in hydrostatic pressure 
caused by the compensation drive. In this case the colloid will remain 
stationary in the U-tube, it will “mark time’’ while impurities of a 
higher mobility will migrate out into the upper compartments and 
impurities of a smaller mobility will be drawn up into the opposite 
compartments by the action of the compensation movement. Whereas 
the actual height of one compartment in the medium-size apparatus is 
only 4 cm, the effective path of electrophoretic purification amounts 
to 8 cm under these conditions. Another application of the compen- 
sator which has been particularly stressed by Tiselius consists in 
adjusting the compensation movement to a rate corresponding to the 
arithmetic mean of the mobilities of two colloids to be separated. At 
this speed the faster component will still be able to continue its electro- 
phoretic migration in the original direction, although at a smaller 
rate, whereas the slower of the two components will be pulled back by 
the compensation drive, thereby ever increasing the degree of separa- 
tion of the two colloids. This makes it possible to work at a pH 
where both colloids have a high mobility of the same sign and still to 
end up with one of the components in the right hand limb and with 
the other in the left hand limb of the cell. The compensation drive 
has aptly been compared with a treadmill. It extends the separation 
capacity of the apparatus to its fullest extent. 

In practice the compensation movement may be brought about by 
various de^es. Tiselius uses a clockwork with variable speed, 
Stenhagen®® has injected buffer solution slowly into one of the elec- 
trode vessels in order to bring a protein-buffer boundary out from 
behind the cell end-plates before the current was switched on, and 
Longsworth®^ employs a synchronous motor with a set of exchangeable 
transmission gears driving a syringe. The simple compensation 
mechanism used in the wniter’s laboratoiy consists of an inexpensive 
alarm clockwork where the hour hand has been replaced by an alumi- 
num pulley with ten individual steps for varying the rate of lifting a 
rod of insulating material out of one electrode vessel. This arrange- 
ment, when used in conjunction with a rod of insulating material of 
16 mm. diameter, permits a boundary displacement of 7 mm to 32 mm 
per hour depending on the pulley step used. These rates of compensa- 
tion cover adequately the range desired when working with potential 

» Steshagfin, S. Biochem. Jour. S2: 714. 1938. 

Losgsworiih, L. G. PriTate commosication. 
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gradients of 5 to 15 V./cm and with a number of biologically occurring 
protein mixtures, e. g. blood sera, yeast maceration juice, etc. Fine 
adjustments are made by varying the voltage applied to the apparatus. 

The resolving power of an electrophoreas apparatus is limited by 
the magnitude of the potential gradient which may be applied without 
causing appreciable thermal convection currents due to the Joule’s 
heat developed within the cell. In the earlier, cylindrical electropho- 
resis cell of Tiselius the maximum load had been found to be about 
0.01 to 0.02 watts per cc. Convection currents are more readily pro- 
duced in wide than in narrow tubes. The problem has been carefully 
studied by Tiselius®> Given a load of w watts/cc. a thermal con- 
ductivity of the solution examined K and the temperature f, the 
temperature gradient dt/dr at the distance r from the centre of a 
cylindrical tube becomes dt/dr = w r/2 K, i. e. proportional to the 
radius of the tube. The temperature difference between the mid- 

W 7 *® 

point and the periphery of the fluid column in the tube is = -t-=, 

4 K. 

This makes it theoretically very desirable to employ tubes of as small 
a diameter as feasible. On the other hand, there is a lower limit im- 
posed by other considerations. Thus, upon decreasing the internal 
diameter of a cylindrical tube, e. g. to 3 mm, the retarding effect of the 
walls on the flow of the solution increases very rapidly and may cause 
blurring of the boundaries (Tiselius^). Furthermore, the volumes 
which may be handled with such a cell would become too small to be 
of use in preparative experiments. However, by using flattened tubes 
large volumes maybe accommodated with satisfactory heat conduction. 
The new rectangular glass cells of Tiselius^^ are the outcome of these 
considerations. Furthermore, since the thermal convection depends 
on the ratio d'pjdt which becomes zero in the case of water and dilute 
aqueous solutions at 4®, i. e. at the density maximum, adjustment of 
the temperature to 4® during electrophoresis ought to assist materially 
in suppressing convection phenomena. Tiselius found in actual 
experiments that when the bath was held close to 0®, heat loads of 0.5 
to 1.0 watt per cc. are tolerated by flattened tubes. While it is true 
that lowering the temperature will correspondingly decrease the rate 
of electrophoretic migration, the diffusion of the protein boundary is 
also reduced so that the quality of the separation is not affected. 

The electrophoresis cell is immersed in a well-insulated water 
thermostat of about 100 liter capacity. For maintaining a tempera- 
ture of the bath just above 0® Tiselius recommends either the use of 
an electrolux gas refrigeration unit of 100 kcal/hour capacity, in heat 
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exchange -with the tank through a secondary circulation system with 
alcohol as carrier fluid, or a motor driven compressor aggregate con- 
trolled by a contact thermometer. The heal developed in electro- 
phoresis experiments is staled to exceed rarely 20 to .30 kcal. per hour. 

As a source of current Tiselius recommends an arrangement con- 
sisting of a centre-tapped 2 X 1500 V. transformer (capacity 0.1 amp) 
and two half-wave mercury rectifying tubes of a maximum peak 
inverse voltage of 7500 V. and a maximum peak plate current of 0.6 
amp. A filter circuit containing a 20 Henry choke and a 4 g con- 
denser is used. The voltage fluctuations are small if the primary 
voltage is kept constant with an induction regulator. In the writer’s 
laboratory radio B batteries (layer-built dry colls of 45 volts each) 
have been found satisfactory for the supply of current up to 600 V. 
and 20 milliampere. 

The “dissection” of the fluid columns after electrophoresis may be 
carried out either by trapping the portions containing the various 
protein fractions in different compartments of the new separation 
apparatus with the aid of the pneumatic arrangement (indicated in 
piGUEE 10 by dotted lines and by removing them with capillary 
pipettes or by using a convection-free pipetting device. The pipette 
has a broad opening with a fused-on sintered glass filter disk which 
distributes the stream of liquid over an area as large as possible. A 
water-manometer arrangement creates the right degree of suction for 
removing successive layers of fluid from the column at levels sought 
with a rack and pinion drive. (Tiselius”.) 

Methods of Optical Analysis 

It would hardly be practical to follow the migration of the bounda- 
ries in the new Tiselius apparatus with the light absorption method. 
When working with colorless proteins it would be necessaiy to have all 
parts in the light path made of quartz of the highest quality, including 
the rectangular separation colls. The cost of such an arrangement 
would be prohibitive. 

It is one of the great contributions of Tiselius to have adapted the 
so-called schlieren method of A. Toepler for use in electrophoretic 
experiments. Inasmuch as the theory of the schlieren method and its 
application to electrophoresis are fully discussed by Dr. Longsworth 
in his contribution to this s 3 niiporium only little need be said about the 
subject here. Tiselius, in his publications describing his new appara- 
tus, mentions the principle only very briefly and he refers for all de- 
tails to the text books of practical physics and to the monograph on 
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the subject by Schardiu.®® Those who desire to construct a Tiselius 
electrophoresis apparatus in their own workshops are likely to ex- 
perience the same disappointment as the writer when searcliing for 
detailed information on the arrangement of the optical tract and on 
the properties and construction of the individual parts in the otherwise 
excellent treatise of Sehardin or in textbooks on practical physics, e. g. 
that of Kohlrausch. On the other hand, considerable help was ob- 
tained by consulting the original paper by Toepler,®® written in 1867, 
where the subject is treated in a lucid and thorough manner. 

Tiselius^^ states that a Dallmeyer objective of f about 60 cm with 
an aperture of 10 cm was placed as near to the electrophoresis cell as 
possible. A lamp and a diaphragm are placed at about 100 cm dis- 
tance, on the same side of the thermostat. The image of the dia- 
phragm is projected on the other side of the thermostat, at a distance 
of about 100 cm from the window. Here a projection lens is placed 
which is partially covered by a vertically movable screen with a sharp 
edge. Instead of the projection lens a camera objective may be used 
in order to obtain photographs of the boundaries. 

The arrangement used in the writer's laboratory is schematically 
shown in figure 11. 

The lenses incorporated into our apparatus are corrected for spheri- 
cal and chromatic aberration, eliminating the need for light filters. 
Their focal lengths are not optimal (the lenses formed parts of dis- 
mantled electrocardiographic equipment) but the main condition for 
analysis by the schlieren method, viz. that the schlieren lens, S, must 
reproject the edge of the first schlieren diaphragm (close to the light 
source) in the plane of the second, movable schlieren diaphragm (in 
front of the camera lens) is fulfilled. On the other hand, the camera 
lens, Fj is focussed on the U-tube of the electrophoresis cell, with a 
magnification factor of 0.4. In actual practice this has not been found 
a serious draw-back while the lens combination and the distances 
chosen have permitted the accommodation of the entire apparatus on 
the floor space available (over-all length, 450 cm). 

When the movable schlieren diaphragm approaches the reprojccted 
slit image from above, the main image is blocked before the deviated 
or secondary images due to the boundaries in the electrophoresis cell 
are affected. In this case the boundaries appear on the matt screen 
of the camera as brilliant white lines on a dark background. Vice 

» Sehardin, H. Das Toeplersche SchUerenYerfahren. VDI-Verlag, G. M. B. H., Ber- 
lin. 1034. 

•• Topler, A. Poggondorf Annalen 131 : 33. 1867. See also Logsworth, L. G. & Mac- 
limes, D. A. Ohom. Reviews 24: 271. 1939. 
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versa, when the schlieren diaphragm is moved upwards from below 
the reprojected slit image, the boundaries appear as black lines on a 
light background. Either method has certain advantages making it 
desirable to make provision for both types of schlieren observation. 
The imaging of the boundaries as black lines on a white background 
has the advantage that the edge of the metal shield of the electropho- 
resis cell may be used as the reference point for mobility measurements 



FiauBS 11. A, Mazda Biplane Filament Projection Bulb; B. Condenser Lens, plano- 
convex, 60 mm diameter, 40 mm focal length; O, Iris Diaphragm, closed down to about 2 
nun opening; D. Condenser System, formed by two plano^nvex lenses of 45 mm diameter, 
100 mm focal length; ** Blade," First Schlieren Diaphragm, consisting of a circular fixed 
diaphragm of 7 mm diameter and of a sharp edge crossing the opening in the upper third 
(In a later arrangement, D has been omitted and a diffraction slit with 30 mm long Jaws has 
been substituted for the "Blade"); E, Schlieren Lens, 22 X 20 Bectilinoar (R. Sc J. Beck), 
95 mm diameter, 762 mm focal length, distance between the two component lenses 130 mm; 
"Blade,” Second Schlieren Diaphragm, consisting of a fixed circular opening of 28 mm 
diameter and of a horizontal sharp edge movable across the fixed opening by a remote me- 
chanical control mechanism; F, Camera Lens, 75 mm diameter, 300 mm focal length, 
distance between the two component lenses 75 mm (VoigUander). 


and furthermore that there can be no doubt as to the number of 
individual boundaries visible. The reverse method, on the other hand, 
frequently yields somewhat better defined boundary images. The 
inherent high sensitivity of the method calls for a mechanism capable 
of a delicate adjustment of the position of the mobile schlieren dia- 
phragm or blade. 

The schlieren method is particularly suited for the determination of 
the electrophoretic mobility of proteins, for ascertaining the number 
of components in protein mixtures and of their degree of molecular 
dispersion. Depending on the dimensions of the apparatus, and on 
the absolute and relative concentrations of the various components 
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each individual component will give rise to an individual boundary or 
schliere upon resolution of the mixture in the electrical field. The 
lowest concentration in which a protein can be detected optically in 
Tiselius's apparatus, employing the 11 ec. cells, is about 0.03-0.05 per 
cent. The relative amount of a protein impurity which may thus be 
detected in a protein preparation will therefore vary with the total 
protein concentration employed. If the latter amounts to 1 gm. per 
100 cc solution an impurity present in about 5 per cent may be 
spotted provided that the experimental conditions allow for sufficient 
separation in the field. Furthermore a homogeneous protein com- 
ponent will yield a sharply defined boundary throughout the run 
whereas a spreading of the boundary during electrophoresis indicates 
electrochemical heterogeneity provided that mechanical vibrations, 
thermal convection currents and diffusion of the protein to an appre- 
ciable extent are avoided. The rate of migration of a boundary may 
either be determined by visual observation of the movement of the 
boundaries relative to a scale placed in the focus of the camera or by 
photographing the boundaries in suitable intervals and measurement 
of the change in distance with time relative to a reference line. The 
degree of definition of the boundaries seldom permits to use compara- 
tors of an accuracy exceeding 0.01 mm. Usually it is sufficient to 
measure the distances with a magnifying eye-piece equipped with a 
transparent scale reading to 0.1 mm as used for the inspection of line 
spectrograms. 

Experience in our laboratory has shown that mobility values may be 
determined and reproduced with an average accuracy of about 5 to 10 
per cent. This is usually sufficient to “labeU' a protein when con- 
trolling the result of chemical fractionation procedures by electro- 
phoretic analysis. 

Recently the well-known ^'refractive index” or "scale” method 
which has proven so successful in ultracentrifugal analysis in Sved- 
berg's institute has also been applied to electrophoresis. The theory 
and practice of this very accurate and sensitive method are fully 
dealt with in Lamm’s^® paper on the study of starch by means of 
diffusion and of the analytical ultracentrifuge. The adaptation of 
the scale method to electrophoresis does not present any difficulties. 
The main advantage of the scale method over the Toepler schlicren 
method appears to consist in the fact that the evaluation of the 
electrophoretic diagrams thus obtained permits the determination of 
the absolute and relative concentrations of the various components 

Lamm, O. Nova Acta. Soo. Sd. Upsala IV. 10 (6). 1938. 
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of a mixture throughout the area under observation in addition to 
the other types of information which may also be gained by the 
schlieren method. A drawback of the scale method is that the final 
result may only be arrived at after a large scries of precise comparator 
readings and after tedious arithmetic operations^®®' Examples for the 
application of the scale method to electrophoretic studies will bo 
found in the papers by Tiselius and Horsfall^^ and Tiselius and Kabat.'^^ 


Assembly of Tiselius’ Apparatus 

The detailed construction of the separation cell mechanism and the 
general features of the entire set-up have been described by Tiselius. 
The construction of the apparatus in the form in which it is commer- 
cially available is depicted in figuee 12. 

In the apparatus constructed and used in the writer’s laboratory, 



The recently developed modification of the Toepler schUeron method by Longsworth 
(J Am Chem. Soc. 61 : 629. 1939) is capable of yielding results of the typo GKScurod by the 
scale refractive index method but "with considerably less effort. In this modification the 
blade or movable schlieren diaphragm is lowered or raised mechanically while the plate or 
film is drawn past a fine slit at a rate which is maintained at a constant ratio to the speed of 
the movement of the schlieren diaphragm. In this way the entire refractive Index gradients 
existing in the electrophoresis cell are automaticaUy scanned and photographically recorded. 
The areas under the contours of the curves thus obtained are proportionally to the concen- 
tration of the colloid components i^ving rtee to the gradients. This ingenious method 
been successfully applied in the writer’s laboratory to the study of blood sera of several 
species and under varying conditions of a pathological and immunological nature (unpub- 
lished). 

« Tiselius, A., Horsfidl, P. L. Jr. Jour. Exp. Med. 69 : 88. 1939. 

« Tiselius, A., & Kabat, E. A. Jour. Exp. Med. 69: 119. 1939. Science 87: 416. 1938. 
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the tank with a capacity of about 100 liters is thermally insulated by 
rockwool. It is kept close to 4® by an Electrolux gas refrigeration unit 
of 100 kcal/hour capacity, connected with the tank by a closed circu- 
lation system filled with 95 per cent alcohol, and a thermostatically 
controlled electrical heating system. The motor-driven stirrer and 
the circulation pump are mounted on a Lally column resting on a sheet 
of rubber packing in order to prevent the transmission of vibrations 
to the electrophoresis cell. The light source and the camera are 
mounted in a similar manner. The light source is a 300 watt biplane 
filament projection lamp, contained in a Bausch & Lomb microscope 
lamp equipped with an iris diaphragm and a rack and pinion drive 
for the condenser lens. The schlieren lens is mounted on a sturdy 
bracket so as to be close to the double window of the tank (100 mm 
free diameter). The camera is set on a double optical bench and 
consists of two lengths of heavy-walled brass tubing turned to yield a 
sliding fit. Before the camera lens there are mounted on riders an 
iris diaphragm, the movable schlieren diaphragm and a revolving disc 
carrying fixed diaphragms of varying shape and size. Following a 
suggestion of Dr. Longsworth the movement of the schlieren dia- 
phragm is effected by a micrometer screw which is coupled to the 
remote control by a friction wheel and two conical gear wheels. Two 
different blades may be inserted according to whether the boundaries 
are to appear as light lines on a dark background or vice versa. 

The electrophoretic diagrams are recorded on standard 35 mm 
positive film contained in a Leica Eldia Printer. The latter fits 
tightly into a metal casing mounted on a slide which permits a rapid 
change-over from photography to visual observation on a ground 
glass screen. 

The type of electrophoresis cell employed in the writer's laboratory 
depends on the aim of the experiment. For purposes of examination 
of a given protein preparation for the number of principal components 
present, for the degree of homogeneity of purified fractions, and for 
determinations of electrophoretic mobility the simple U-tubc cell 
of Tiselius may be used to advantage. The cell consists of Pyrex 
glass and is made of one piece. The U-tube length available for 
observation is defined by metal shields of 60 mm open area. The 
cross-section of the tube is 0.587 cm®. When using this cell it is ad- 
visable to work with potential gradients of the order of 3 to 4 V./cm, 
corresponding to an applied potential of 180 to 200 V. and a current 
strength of 3 to 4 mA. when the ionic strength of the solutions in the 
cell is adjusted to about 0.1. The advantage possessed by this cell 
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over the more elaborate separation cell of Tisclius consists in the 
simplicity of its manipulation. The process of stratification of the 
protein solution under the buffer solution requires a little practice. 
On the other hand, under the conditions existing in our apparatus, the 
images of the protein boundaries obtained with the simple U-tube cell 
are more satisfactory than those obtained with the rectangular cells. 
When it is desired to separate the various protein fractions mechani- 
cally for chemical and biological examination the new separation cell 
of Tiselius (figure 10) is employed. With this cell higher potential 
gradients and current strengths up to 15 mA. may be applied without 
running the risk of thermal disturbances. 

Results obtained with the aid of Tiselius’ new apparatus 

The results procured with the new apparatus and methods in 
Upsala by Tiselius and his collaborators may be summarized as 
follows. The electrophoretic diagram of blood serum which in the 
analytical ultracentrifuge shows only two to three different molecular 
species, reveals the presence of four well-defined protein components. 
One of these is serum albumin while the other three components are 
globulins. They have been designated as a-, and r-globulin in 
accordance with their electrophoretic mobilities (Tiselius^). The 
dependence of the mobilities of the various components upon the 
hydrogen ion concentration may be gleaned from table 1 which is 
taken from Tiselius’ paper. 


Table 1 

Electbophobetic Mobilities of the Components in 4 X Diluted Normal Horse 
Serum at Different pH Values and Constant Ionic Strength O.I 0®) 

Mobility cm* V."‘ sec""^ X 10® 


Buffer 

pH 

Albumin 

Globulin a 

Globulin p Globulin 7 

Globulin 

Acetate 

5.05 

-1.39 

-0.36 

-0.2 

+1.02 

+1.53 

Phosphate 

6.02 

-4.24 

-2.76 

-2.10 

-0.23 

+0.4 

Phosphate 

6.87 

-5.39 

-3.98 

-3.25 

-1.20 

-0.2 

Phosphate 

8.03 

-7.61 

-5.79 

-4.57 

-1.90 

-0.1 


The ^-boundary which is practically stationary and which was at 
first attributed to a fourth globulin component has since been recog- 
nized as an anomaly due to changes in concentration of buffer ions 
occurring upon electrophoresis of relatively concentrated protein so- 
lutions (Stenhagen®® Tiselius®^). When plasma is used instead of 


** Tiselius, A. Biocliem. Jour, 31: 1464. 1987. 
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serum, an additional boundary corresponding to fibrinogen is ob- 
served between the y- and the ^-globulin boundaries (Stenhagen^®). 
Schlicren diagrams obtained with human serum and plasma are repro- 
duced in FIGURE 13. 



FiGUBB 13. Toepler schlicren diagrams obtained upon electrophoresis of human serum 
and plasma (Stenhagen^). 

It is important to note that the various serum protein fractions as 
obtained by ammonium sulfate fractionation and other chemical pro- 
cedures are not identical with the fractions separated by electrophore- 
sis: They represent mixtures of the components identified by electro- 
phoretic analysis. Thus the fractions most readily salted out consist 
mainly of y and P and of small amounts of a globulin and albumin, 
whereas the proteins precipitated above 55 per cent saturation with 
ammonium sulfate contain approximately 75 per cent albumin and 
only 25 per cent of the globulins. Serum globulin, after having been 
precipitated 3 times with 55 per cent ammonium sulfate, dissolved in 
5 per cent NaCl, dialyzed and electrodialyzed (‘‘Pseudoglobulin^O 
will contain as much as 75 to 85 per cent globulin a and as the re- 
mainder a slow component, probably y-globulin. So-called ‘'euglobu- 
lin'' contains more p and y, and less a globulin. Very probably the 
solubility differences between pseudo- and euglobulin depend upon 
the difference in solubilities exhibited by the individual components.^ 

When passing from dilute to more concentrated solutions a marked 
change takes place in the appearance of the electrophoretic schlicren 
diagram. The B-boundary increases in strength at the expense of 
the actual globulin boundaries. When undiluted serum is run with 
6/7 serum as the supernatant to avoid boundary disturbances the 
effect is very marked, only the albumin and the B-boundary are visible 
with faint indications of the three globulin boundaries. Tiselius as- 
sumes that this may be due to the neutralization of the charge of the 
globulins in undiluted serum by some unknown substance. This 
neutralizing agent would be dissociated off more or less completely 
upon dilution, permitting the three globulins to show their individual 
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migration. This tentative interpretation has since become open to 
question because Tiselius could show that the S-boundary docs not 
represent a protein boundary and therefore cannot gain at the actual 
expense of globulin components. It may be that the anomalies ob- 
served when working with concentrated sera arc due to unfavorable 
optical conditions for the Toepler schlieren analysis rather than to 
true changes in the concentration of the serum components. It must 
be remembered that the detection of the boundaries is made possible 
only by the refractive index differences at the interfaces between the 
individual layers. The a- and ^-globulin boundaries are situated 
within the moving protein column and are liable to be masked or 
obliterated more readily than the albumin and globulin y boundaries 
which border the supernatant buffer solution. 

With the aid of the separation mechanism Tiselius was able to ob- 
tain small amounts of the various serum proteins in pure state for 
chemical studies. That they are chemical individuals is born out by 
the fact that their absorption spectra show distinct differences.^®^ 

Immune sera of the horse and of the rabbit differ markedly from 
each other and from normal serum. In horse scrum the antibody 
appears as a new component with a mobility intermediate between 
that of the y- and g-globulin components. In the case of the rabbit no 
new boundary appears but the amount of Y“globulin is greatly in- 
creased.^ Figure 14 represents the electrophoretic diagrams obtained 
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Figure 14. Electrophoretic Diagrams of unabsorbed (A) and absorbed (B) antipneu- 
mococcus horse serum (TiseUns and Eabat).«3 

with unfractionated Type I antipneumococcus horse serum and with 
the same serum after the removal of the antibody by addition of the 

43a Normal human serum has rerentiy been farther studied in the Tiselius apparatus 
(Eekwick, E. A. Biochem. Joum. 33: 1122. 1939). The application of Lamm’s refiractive 
index scale method permitted the determination of the relative concentrations of the various 
serum proteins vdth a fair degree of accuracy. 
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homologous type specific polysaccharide or of a heavy suspension of 
Type I pneumococci. 

It has been possible to isolate certain antibodies from immune sera 
with the aid of the separation cell. Thus anti-egg albumin antibody 
has been obtained from rabbit serum by isolating the Y-globulin 
component which was specifically precipitablc to an extent of about 
80 per cent. 

Examples for the electrophoretic differentiation of closely related 
proteins are provided by the formation of separate boundaries in 
mixtures of egg albumins or of hemoglobins of different species (Land- 
steiner, Longsworth and Van der Scheer;^^ in mixtures of fetal and 
adult hemoglobin of the same species (Adair®^) ; in mixtures of hemo- 
cyanins of different species (Tiselius and Horsfall^^). Electrophoretic 
analysis has established the formation of hybrid hemocyanins upon 
reversible pH dissociation of mixtures of hemocyanins from different 
species and shifting of the pH back to the pH-stability range. 

Other electrophoretic studies recently conducted in Upsala are 
concerned with the electrochemical properties of ovomucoid (Hessel- 
vik^), with tuberculin proteins and polysaccharides obtained from the 
filtrates from culture media after growth of tubercle bacilli (Seibert, 
Pedersen and Tiselius^®) and with the homogeneity of pepsin prepara- 
tions (Tiselius, Henschen and Svensson^^. In the latter investigation 
it was found that the enzymatic activity of solutions of crystalline 
pepsin, prepared by different methods, migrates as a homogeneous 
protein component with a negative charge and no isoelectric point in 
contrast to earlier observations made with the microcataphoretic 
method. Some inactive, inhomogeneous protein or protein breakdown 
material is left behind, and the specific activity may thereby be raised 
to an extent of from 31 to 69 per cent. 

In conclusion, a few results obtained in our own work with the 
apparatus of Tiselius may be mentioned. A study has been made of 
crude extracts and purified fractions prepared from the anterior lobe 
of beef pituitary glands (Shipley, Stern and White Jour. Exp. Med. 69: 
785. 1939) with a view of determining the number of protein com- 
ponents present in these preparations and of identifying certain of these 
components with the protein hormones elaborated by that gland. It 
was found that the main boimdaries observable in crude pituitary cx- 

** Landsteiner, K., Longsworth, L. G., & Tan der Scheer, J. Science 88: 83. 1938. 

Hesselvih, L. Z. Physiol. Ohem. 254: 144. 1938. 

<0 Seibert, F. B., Pedersen, S. O., & TiseUus, A. Am. Bev. Tuberculosis 38 : 399. 1938. 
Jour. Esp. Med 68: 413. 1938. 

Tiselius, A., Hensohen, Q. B., & Svensson, H. Biochem. Jour. 32: 1814. 1988. 
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tracts correspond to physiologically inert proteins the gradual removal 
of which by chemical fractionation procedures could be controlled by 



FiGTiBii 16. Toepler schliraren diagrams obtained upon electrophorosis of crude and 
purified anterior jfituitary preparations. A. Crude Pituitary Extract (Bum & Ling) Anode 
chamber. pH 7.86. B. Omde Glycerol Extract, Anode Chamber, pH 7.66 (Boundary of 
slower protein retouched for purposes of better reproduction). Cl. Gro^^-Ketogenic 
Fraction, Cathode Chamber, pH 4,86. 02. The same. Anode Chamber. Dl. Crystalline 
Prolactin (Native) Cathode Chamber, pH 3.94. 1. Run. D2. The same. 2. Run. B. Crystal- 
line Prolactin, Cathode Chamber. pH 6.6 Protein partly denatured. 


electrophoretic analysis. Freshly prepared solutions of crystalline 
prolactin exhibit a high degree of electrochemical homogeneity which 
is lost upon storage. The formation of a second component in aged 
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prolactin solutions, probably of denatured prolactin, could be demon- 
strated by the appearance of a new boundary when examined by the 
schlieren method. The electrophoretic mobilities of the various 
components of pituitary preparations could be charted for the purpose 
of ‘labeling them in order to gauge the success of fractionation pro- 
cedures. Figure 15 contains characteristic schlieren diagrams ob- 
tained in this work. 

Other experiments deal with the electrophoretic examination of 
chemically purified liver catalase solutions and of preparations ob- 
tained with the aid of the air-driven ultracentrifuge. Catalase 
solutions obtained by the method of Zeile and Hellstroem from horse 
liver yield up to four protein boundaries in the Tisclius apparatus. 
On the other hand, certain fractions obtained by differential ultra- 
centrifugation by Wyckoff in collaboration with the writer not only 
proved to be homogeneous when examined in the analytical ultra- 
centrifuge but they also gave only one boundary upon electrophoresis 
(figure 16).^® 




Fioubb 16. Electrophoretic dlaKrams obtained with chemically purified (A) and ultra- 
centrilhged (B) preparations of horse liver catalase (Stem). 


Such preparations which satisfy both the criteria of ultracentrif- 
ugal and of electrochemical homogeneity may be considered to repre- 
sent solutions of the pure enzyme. 

In the course of a study of heart muscle oxidase preparations (Stern, 


stem, K. G. Enzymologla 6: 190. 1938. 
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Horwitt, Melnick, Scheff (unpublished)) the electrophoretic analysis of 
active fractions obtained by differential ullracentrifugalion failed to 
effect separation into several different components indicating the 
surprisingly uniform nature of these active fractions. These prepara- 
tions consist essentially of macromolecular protein particles of the 
enormous weight of several hundred millions. The spectroscope and 
enzymatic activity tests reveal the presence of the following factors in 
these suspensions: Respiratory ferment, cytochrome o and b, and 
succinic dehydrogenase. These biocatalysts are essential compo- 
nents of the so-called “terminal” respiratory system which enables 
the molecular oxygen to react with the hydrogen of activated sub- 
strates. The ultracentrifugal and electrophoretic results obtained in 
the study of such oxidase preparations seem to suggest, as a working 
hypothesis, that they represent uniform suspensions of large protein 
bearer molecules or particles which contain on their surface a network 
of catalytically active groups arranged in such a manner as to ensure 
the smooth functioning of the complex mechanism of cell respiration. 



THE OBSERVATION OF ELECTROPHORETIC 
BOUNDARIES 


By Lewis G. Lonqswobth 

From the LaboratorUs of The Rockefeller Institute /or Medical Research, New York 


INTRODUCTION 

In the electrophoresis of proteins by the Tiselius method provision 
must be made for observing the progress of the migration. Since most 
protein solutions arc colorless the position of the boundary between 
protein and buffer solutions is not visible to the unaided eye and optical 
devices must be employed. Three such devices have been used for 
the location and analysis of the concentration gradients which occur 
in both electrophoresis and ultracentrifugation. These are the ab- 
sorption, the scale and the schlieren methods. These methods have 
been developed in the Upsala laboratories to a high degree of perfec- 
tion by Svedberg,* Lamm,* and Tiselius.*' * 

The absorption method depends upon the fact that proteins absorb 
light in the near ultra-violet while buffer solutions do not. The use of 
this method restricts the optical elements of the system to quartz and 
certain types of glass and is not applicable to solutes which do not 
absorb light in an accessible spectral re^on. Because of these and 
other limitaiions the author has not used the absorption method. 

The application of the scale and schlieren methods, on the other 
hand, requires only that the refractive index of the solution differ 
from that of the solvent, a requirement that is almost universally met. 
Visible hght may be used and, except for work of the highest precision, 
this does not need to bo monochromatic if the lenses have sufficient 
chromatic correction. The author has begun a study and comparison 
of the two methods in connection with the electrophoresis of proteins 
and it is the purpose of this paper to describe the methods and discuss 
some of the results obtained with them. 

1 Svedberg, T. Ind. & Eng. Chem. Analytical ed. 10: 113. 1938. 

^ Lamm, O. Nova Acta Soc. Sd. Upsala IV, 10 (6). 1037. 

Tiselius, A* Nova Acta Soc. Sd. CTpsala IV. 7 (4). 1930. 

* Tiselius, A. Trans. Faraday Soo. 33: 624. 1937. 
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THE SCHLIEREN* METHOD 

A diagram of the schlieren method is shown in figure 1 . An 
image of the horizontal slit, S, illuminated by the lamp, L, and con- 
denser, C, is formed in the plane, P, by the schlieren lens D. The 
schlieren diaphragm, A, a screen with a sharp, horizontal upper edge, 
is placed in the plane P and may be displaced vertically with a microm- 
eter. The electrophoresis cell, P, is placed as near the lens D as the 
thermostat construction permits. The camera objective, 0, placed 
immediately behind the schlieren diaphragm, is focussed on the cell 
and forms a full size image of this on a ground glass or photographic 
plate at G. 


n E p 



In the absence of refraction gradients, t. e,, boundaries, in the elec- 
trophoresis cell all of the light traversing the cell is brought to focus 
in the image of the illuminated slit at P and enters the camera objec- 
tive. If, however, a boundary is present in the tube the refractive 
index, n, decreases with increasing height, x, through the boundary, 
and the pencils of light through this region are deflected downward. 
If these deflected pencils are intercepted by the schlieren diaphragm 
they do not enter the camera objective and the region at O conjugate 
to the boundary in the cell appears as a dark band on a light back- 
ground. 

For boundaries that are not too sharp,’’ i. e., do not have too large 
refractive index gradients, the angular deviation of a horizontal pencil 
of light in a thin horizontal layer of the boundary is proportional (a) 
ctn 

to the gradient, , in the layer and (6) to the breadth, a (figtjbb 1), 

of the layer. The displacement, A, of the schlieren diaphragm. A, 
from the position of the undeviated slit image that is necessary to 

* This term Is defined in dictionaries of the EngUsh language as '*streid£8.'* Hardy and 
Perrin (Hardy, A. C., & Perrin, P. H. The principles of optics, McGraw-HiU Book Oo.. 
New York. 1032) use *'shadow*’ as a synonym. 
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intercept the deflected pencil is also proportional to the optical 
distance, 6, from the center of the cell to the diaphragm. Therefore 

dn 

A=:a6^ (1) 

dn 

in which a and b arc constants of the apparatus and ^ varies vertically 

through the boundary but is assumed to be constant in any thin 
horizontal section. 

As the schlicren diaphragm is raised the first pencils of light to be 
intercepted are those which have passed through the steepest gradients 
of refractive index. In figure 1 the paths of three pencils of light 
through a boundary have been traced. The planes a, g and y in the 
boundary have been selected such that 

( dn\ /dn\ 

dx/a “ \dx)y ^ \dx/0 “ \dx)^ax. 

and the lines conjugate to these in the focal plane of the camera are 
shown at a', and Y^ respectively. Since the camera objective, O, 
is focussed on the electrophoresis cell E all of the rays passing through 
the plane for example, that are collected by this objective are 
brought to focus at This, it will be recalled, is the property of a 
photographic objective. Moreover, it should be noted that in figure 1 
the vertical dimensions are greatly exaggerated in comparison with 
the horizontal dimensions. 

The pencil through P, figure 1, suffers the maximum deflection to 
the position 1 near the plane of the schlieren diaphragm while those 
through a and y are deflected equally to a common position 2 near 
that plane. With the upper edge of the diaphragm at 1 only the pen- 
cil through ^ is intercepted and the resultant dark band, or line, at g' 



Fiqubb 2 
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has a Tninimiim width. With the diaphragm raised to posilion 2 the 
pencils through a and y, together with the pencils through all planes 
between a and y» are also intercepted and the band at G has 1>roadened 
correspondingly. With the proper conditions the displacement of the 
diaphragm from the position of the undeviated slit image is propor- 
tional to the refraction gradient at positions in the cell E conjugate to 
the edges of the schlieren bands. Thus a series of photographs of the 
boundary with decreasing displacement of the diaphragm give an 


Microno 



Distance from initial boundary position 
l^lGTTBIl 3 


indication of the refraction gradient through the boundary. Such a 
series of photographs of the boundary formed in a 0.5 per cent solution 
of a sample of egg albumin is shown in piguee 2. In order for the 
position of the edge of a band to be characteristic of a thin horizontal 
section of the refraction gradient it is essential that lenses of long 
focal length be used and that the slit image be narrow vertically and 
well defined. Consequently the schlieren lens must be well corrected 
spherically, and also chromatically, unless monochromatic light is 
used. 

In FIGURE 3 the circles indicate the portions of the edges of the 
bands of figube 2, plotted as abscissae against the diaphragm dis- 
placements, multiplied by a factor whose significance will be discussed 
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later in this paper, as ordinates. The origin of abscissae was taken as 
the point of initial formation of the boundary, i. e,, between the 
horizontal plates of the center sections of the cell. The origin of 
ordinates was taken as the center of the undeviated slit image. A 
comparison of these results with those obtained with the scale method 
is made later in this paper. 

Reference to equation (1) shows that the area under the curve 
drawn through the circles is 

S i^dx = S obdn = ahLn 

in which An is the refractive index increment due to the protein 
causing the boundary. Since this increment is substantially propor- 
tional to the concentration of protein it becomes apparent that the 
schlieren method may be used to determine the protein concentration 
in addition to the variation of this through the boundary. Thus the 
area under the curve of figure 3, as determined with the aid of a 
planimeter, is 0.414 cm“^. Since a = 2.50 cm and h = 181.8 cm. 
An (obsd.) = 0.00091 . An independent value for An of 0.00092 was 
computed as follows. The refractive index increment® for a 0.5 per 
cent solution of ovalbumin at 23® using the sodium D line is O.OOOSSs. 
Assuming that the temperature coefiSicient for the increment is zero 
but that the dispersion is the same as for serum albumin® (Pederson & 
Anderson) the value of An given above was computed for the Hg 4356 
line, to which the plate used had the greatest sensitivity. The agree- 
ment between the observed and computed values is thus quite satis- 
factory. 

DIFFRACTION BY THE SCHLIEREN DIAPHRAGM 

Since it is desirable that the edge of a schlieren band be sharply 
defined the factors which determine this sharpness will be considered 
here. These factors are (1) the characteristics of the photographic 
plate, (2) the vertical width of the undeviated slit image in the plane 
of the schlieren diaphragm, and (3) the nature of the diffraction pattern 
formed at the plate by the diaphragm. These will be discussed in 
the order given. 

Since, as will become evident from the paragraphs to follow, there 
is always some shading at the edge of a schlieren band a plate of high 
contrast and minimum latitude gives the steepest gradient of optical 
density at the band's edge. 

« International Critical Tables 7: 98. McGraw-Hill Book Co.» New York. 1930. 

0 McFarlane, A. S. Biochem. Jour. 29 : 412. 1035. 
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If the vertical width of the undeviated alit image is finite, it is 
evident from figure 1 that there is a shading at the edge of the 
schlieren band due to the fact that the diaphragm does not intercept 
all of the pencils of light deflected by the layer in the cell eonjugatc 
to the edge of the band. A very narrow slit image, even if it <‘ould be 
realized in practice, is of little value, however, since some shading at 
the edge of the schlieren band still occurs due to diffraction by the 
diaphragm and the finite latitude of the photograpliic plate. In ob- 
taining the bands of figure 2 the width of both the slit and its image 
was about 0.1 mm. Slit widths of 0.2 and 0,05 mm have also been 
used with no discernible difference in the sharpness of the resulting 
band edges. In this connection it may bo mentioned that, as the other 
extreme, if the width of the undeviated slit image is greater than the 
maximum deviation at the diaphragm, the latter may bo placed in 
such a position that the shading at the plate is proportional to the 
deviation. This is the modification of the schlieren method discussed 
by Schardin.^ 

Owing to the long optical paths that arc used the diffraction patterns 
formed at the photographic plate by the schlieren diaphragm are 
sufficiently gross to be readily visible in many instances. In the case 
of a straight edge as diaphragm the pattern consists® of '‘a system of 
fringes of decreasing width, outside of the edge of the geometrical 
shadow, while within the edge the illumination falls off rapidly, with- 
out, however, passing through maxima and minima.” Although the 
decrease in illumination within the edge' of the shadow is rapid it is 
not abrupt, as implied in the theory of the rectilinear propagation of 
light, with the result that there must always be some shading at the 
edge due to diffraction alone. The fringes mentioned above appc'ar as 
faint bands in the illuminated regions on eitluT side of a schlienui band 
and can be readily distinguished from the latter by the fact that their 
position shifts with the shifting edge of the true band as the diaphragm 
is raised or lowered. 

In his study of the schlieren method Lamm usc'd as light source an 
illuminated slit of 0.2 mm width and, as schlieren diaphragm, single, 
and double, slits of 0.5 mm width and wider, llcference to figure 1 
indicates that the use of a slit instead of a straight edge as schlieren 
diaphragm produces on the ground glass lines of light at positions cor- 
responding to the edges of the schlieren bands. The optimum dia- 

^ Sehardiu, H. Das Toeplersche Schlierenvorfahren. VDI-Verlag, G. M. B. n., Ber- 
lin. 1934. 

8 Wood, E. W. Physical Optics. McMiUan Co., Ne’w York. 1924. 
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phragm slit width appears to be that which covers the central ^'Fresnel 
zone/’* For lenses of 100 cm focal length and blue light this corre- 
sponds to a slit width of 1 mm and the lines formed on the screen are 
correspondingly broad. 

A comparison of the diffraction patterns formed by a slit and a 
straight edge may help in discussing the question of which of these is 
the most desirable diaphragm. The patterns formed by a slit arc 
symmetrical about the center, whereas, as has been mentioned, a 
straight edge has no diffraction pattern in the region of the geometrical 
shadow. This difference is both the weakness and the strength of the 
straight edge as schlieren diaphragm. Its weakness lies in the fact 
that, whereas the position of the center of the line formed on a photo- 
graphic plate by a slit is independent of the exposure, the position of 
the edge of a band obtained with a straight edge depends slightly on 
that exposure. Its strength lies in the fact that these edges are very 
much sharper than the lines obtained with a slit diaphragm, with the 
result that the resolving power of the straight edge for boundaries 
that are close together is greater. 


THE OPTICAL SYSTEM 

Since it is the spirit of this conference to discuss technique and 
apparatus as well as results I will describe our schlieren equipment. 
A Vagram of the optical bench, including the low temperature thermo- 
stat, is shown in figure 4. The letters in this figure indicate the same 
optical elements as in figure 1. The entire apparatus is supported on 
concrete blocks, B, which rest on shock absorbing mats placed on a 
ground floor. The optical bench consists of two 5" steel channels, 21' 
in length, as shown at C in figure 4. These arc spaced 8" apart at 4' 
intervals with sections of iron pipe as shown at B in figure 5. This 
latter figure also illustrates the method of mounting the optical ele- 
ments. A 6" section of a 6" x 3/8" steel angle, A, is clamped to the 
upper flanges of the channels, C, with the aid of the plate, P', and the 
bolts 6. The lens or other optical element is carried by a 6" x 16" x 
3/8" steel plate, P, which is bolted to the angle through slots as shown 
at a. This arrangement, utilizing standard structural steel shapes, 
provides for flexibility of adjustment. 

The lamp L, figures 1 and 4, is a 100 watt mercury arc, General 
Electric Vapour Lamp Co. type H4. The dimensions of the arc are 
about 1.5 X 25 mm and it has a high intrinsic brilliance. Operated 
in a horizontal position it is an excellent source of illumination for the 
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slit at S. The dimensions of the slit are adjustable. The length 
generally used is 25 mm while the width, determined with the aid of a 
“feeler’' gauge, has been varied from 0.05 to 0.5 min. The condenser 
C is a 40 mm achi-omat of 100 mm focal length. Used at unit magni- 
fication it is able to fill the lens D uniformly with light.* 

The schlieren lens D is a 4" achromat of 36" focal length prepared by 
Perkin, Elmer and MoflGitt of this city. It has the same corrections as 
a telescope objective except that it is for use at unit magnification. 
The chromatic correction is for photographic work, i, c., green and 
blue. Most of the energy of the light source is in these wavelengths 
and, if it were not for the chromatic aberrations introduced by the 
boundaries, the use of monochromatic light would not be necessary. 



However, due to these aberrations the use of a narrow band of wave- 
lengths increases the sharpness of the schlieren band edges somewhat. 
A Wratten mercury monochromat filter Number 50, for isolation of 
the Hg 4356 line, has been used in some recent work. 

The schlieren lens is shown at D in figure 6 as one of the thermostat 
windows. This figure is a cross section of the low temperature thenno- 
stat and electrophoresis cell. The construction of the double windows 
shown is necessary in order to prevent condensation of moisture. 
With the exception of the schlieren lens the windows, W, are 4H" discs 
of Ji" plate glass. These were selected for freedom from ^law^s and 
then ground flat to within a few wavelengths of light. The discs, 
Wz and Wzj are clamped against rubber gaskets supported by the 
bakelite ring, a, and the space between is filled with dry air and scaled. 
The space between the schlieren lens and Wi could not be made com- 
pletely air tight. Consequently provision was made to pass dry air 

It is also possible to illuminate a slit of these dimensions directly with the H4 lamp 
since the size of the latter is such that, with the lamp placed Immediately behind the slit, 
the angle subtended by the arc at the dlt is greater than that subtended by the schlieren 
lens. This arrangement, suggested by Dr. E. G. Plckels of the International Hesdth Divi- 
sion of the Rockefeller Foundation, has proved more desirable than that described above 
since the condensing lens is thereby eliminated and the optical bench shortened by some 40 
cm, with no decrease in light intensity. 
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through this space when necessary. The schlieren lens and thermostat 
windows are kept in alignment by means of the plates, P, attached to 
the optical bench. 

The schlieren diaphragm and camera are shown in profile in figtjbe 
7. The diaphragm, d, is a brass plate with a sharp horizontal upper 
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edge. It is carried by two rods, r, which slide in the tubes, t, and may 
be moved with the micrometer, m, which reads directly to 0.01 mm. 
The bevel gears, b, and shaft, s, permit adjustment of the diaphragm 
when viewing the ground glass screen at G. 



Fiqurb 6 


The camera objective 0, figxjkb 7, is a 2" achromat of 36" focal 
length and has the same corrections as the schlieren lens. Provision 
for adjustment of this lens along the optic axis has been made at A. 
This adjustment has proved useful in obtaining unit magnification. 
A displacement of the lens 0 of 1 cm alters the enlargement factor by 
1 per cent but shifts the inrage plane by only 1 mm. Precise control 
of this factor is desirable in using the scale method since it is conveirient 
to have the interval of the undeviated scale image a simple multiple 
of the comparator thread. 
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The lens 0 is also provided with a sector type shutter, c, driven by 
a synchronous motor, e, and a series of aperture stops, a, the smaller 
ones having the shape shown in figure 8. A stop of this shape is 
preferable to a circular one since it permits use of the full lens aperture 
in the direction in which the pencils of light arc deflected, thus insuiing 
that the lens stop will not act as schlieren diaphragm. As a matter of 



fact this 2" objective is not large enough to collect the pencils deviated 
by steep gradients, in which case the lens barrel acts as a schlieren 
diaphragm. 

The plate holder at G, figure 7, is provided with appropriate masks 
so that several exposures can be made on one plate. Thus if all of the 
protein constituents are migrating as anions, for example, there are no 
boundaries in the lower anode and upper cathode sections and these 
can be masked. Twenty-two exposures of the sections in which 
boundaries appear can then be made on a 9 x 12 cm plate, as was 
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illustrated in figure 2. Except when red sensitive plates are neces- 
sary, as in work with hemoglobin for example, we have used Eastman 
contrast lantern slides. The slow speed, high contrast, fine grain and 



ease of manipulation of these plates make them well adapted for use 
with both the schlicren and scale methods. Using schlicron observa- 
tion of hemoglobin boundaries it was necessary to mask the color of 
this protein. This was done with a Wratten A filter and Wratten M 
plates were used in photographing the boundaries. 

THE SCALE METHOD 

Very minor changes in the optical system described in the preceding 
section make it possible to use the scale and schlieren methods inter- 
changeably. With the latter method the center of the electrophoresis 
cell, E, FIGURE 6, is in the focal plane of the camera. In using the 
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scale method the cell is moved toward the camera a few centimeters 
and a transparent scale, having two lines per millimeter for example, 
is placed in the position previously occupied by the cell. The scale is 
then photographed through the cell with the schlieren diaphragm 
removed so that schlieren bands will not obscure certain of the scale 
lines. The schlieren lens in this case acts merely as a projection con- 
denser. 

The diagram of figure 9 will serve to illustrate the theory of the 
scale method. In the absence of refraction gradients in the cell, E, a 
scale line, 5 , is brought to focus at 5 ' by the lens 0. If, however, there 
is a gradient in the cell between the planes pp' the rays from s which 
are collected by the lens have been deflected downward as shown in 



the figure and intersect approximately at s". Due to the faulty lens 
action of the gradient the image of 5 at s" is imperfect. With sufficient 
depth of focus s" appears on the plate as a line displaced by an amount 
B from its position s' in the absence of gradients in the cell. In order 
for the displacement of each line to be determined by the gradient in 
a thin horizontal section of the column the lens 0 should have a long 
focal length and be used at a small aperture. The latter condition is 
also desirable in order to increase the focal depth. 

In practice the scale is photographed through the electrophoresis 
cell before the boundaries have appeared from behind the horizontal 
glass plates and then again at some later time after they have migrated 
into view. The positions of corresponding lines on the two photo- 
graphs may then be determined with the aid of a comparator and the 
observed displacements, 8, of the lines of the second photograph in the 
neighborhood of the boundary computed. 

Again assuming that the gradients are not too steep, the displace- 
ment, 8, of a scale line is proportional to (a) the horizontal breadth, o, 
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of the boundary, (6) the optical distance, P, from the scale to the 
center of the cell and (c) the gradient, ^ . For unit magnification, 
therefore, 

dn , ^ 

( 2 ) 


Since the electrophoresis cell undergoes an apparent enlargement when 
moved out of the focal plane toward the camera, the position in the 
gradient causing a given displacement, B, is given by the corresponding 


value of s" reduced by the factor, 


I 


, in which Z is the optical dis- 


tance from the scale to the camera. The scale photographs of the 
boundaries shown in figure 2 were obtained with a scale distance 


11 2 

^ ^ = 8.42 cm. Since I = 184.8 cm, the reduction factor is 

0.9545. In figure 3 the crosses indicate the scale line displacements, 
in microns, plotted against the displaced lino positions multiplied by 
the factor 0,9545. A comparison of equations (1) and (2) indicates 

8 S 

that, for a given gradient and cell thickness, ^ j 

and schlieren diaphragm displacements are in the same ratio as the 
^'optical lever arm lengths'' 0 and 6. The schlieren photographs of 

FIGURE 2 were obtained with b == 181.8 cm. Consequently! = 0.0463 

0 

and it was this factor by which the schlieren diaphragm displacements 
were multiplied in plotting the circles of figure 3. Wlicn plotted in 
this manner the scale line and schlieren diaphragm displacements fall 
on the same curve. This agreement between the two methods, to- 
gether with the agreement between the computed and observed values 
of An previously noted, is evidence for the validity of the simple 
theory considered in this paper. 


DISCUSSION OF THE SCALE AND SCHLIEREN 
METHODS 

From the results given in this paper it appears probable that the 
precision attainable with the schlieren method is comparable with that 
of the scale method. The latter method is the more economical of the 
two, however, since the schlieren lens is unnecessary, only the rela- 
tively small and inexpensive camera objective being required. More- 
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over, it is the more flexible of the two methods since it is much more 
practical to change the scale distance, p, than the diaphragm distance, 
6. However, the comparing of the scale line photographs is a laborious 
operation which does not lend itself to mechanization. Also the 
results of the experiment are not known until this operation has been 
completed. 

With the schlieren method, on the other hand, the progress of the 
boundaries can be followed visually from the beginning of the experi- 
ment. By observing the initial appearance of the bands on the ground 
glass and their broadening as one raises the schlieren diaphragm an 
idea of the homogeneity and relative amounts of each component can 
be obtained immediately. Moreover, if one is measuring mobilities 
only and can assume the region of steepest gradient to be the center 
of the boundary, the schlieren band positions can be read directly from 
a ruling on the ground glass. Although a quantitative analysis of 
sharp boundaries is not possible with either method the schlieren 
arrangement has a greater resolving power for boundaries of this type 
that may be close together, as in the early stages of serum electro- 
phoresis. 

The schlieren method also lends itself readily to a direct photo- 
graphic or photo-mechanical recording of the refraction gradients 
through the boundary. As was mentioned earlier in this paper, 
Schardin has shown how the light source may be arranged to give a 
blackening of the photographic plate that is proportional to the 
gradient. We have avoided this arrangement, however, since, in 
common with the absorption method mentioned in the introduction, 
the plate density would have to be determined with a micro-photom- 
eter. Philpot® has described a novel arrangement of slit and dia- 
phragm which produces automatically on the plate a light area whose 
contour is similar to the curve of pigube 3. The author is now testing 
the following arrangement which has a similar purpose but appears to 
be more flexible than Philpot's device. The cell image is masked by 
a narrow vertical slit. A glance at pigube 2 then suggests that if the 
plate be driven slowly in a horizontal direction simultaneously with 
the vortical displacement of the diaphragm a light area is produced 
automatically on the plate whose contour is identical with the curve 
of FIGURE 3. The scale of ordinates for this area can be adjusted by 
controlling the relative rates of movement of the plate and diaphragm. 
Moreover it should be possible to determine the magnitude of the 
light area on the plate photometrically, as Philpot suggests, or directly 


» Philpot, J. S. L. Nature 141: 283. 1938. 
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with a planimotcr. It will be of interest to see what precision can be 
attained with this method.* 

The author takes pleasure in acknowledging his indebtedness to Dr. 
D. A. Macinnes of these Laboratories for his continued support and 
sustained interest in the work reported in this paper. 

Since this paper was presented on October 29, 1938, the author lias liacl the opportunity 
of testing the modification of the schlieren method mentioned above The lesults have been 
very encouraging and have been reported bnefly elsewhere (Longsworth, L. G. Jour. Am. 
Chem. Soc. 61: 529. 1989). 



CHARACTERISTICS OF PROTEIN BOUNDARIES 
AS SHOWN BY SCALE METHOD 
ELECTROPHORETIC DIAGRAMS 

By Frank L. Horsfall 

From the Laboratories of the International Health Division of The Rockefeller 
Foundation, New York 

The experiments and observations upon which this discussion is 
based were carried out under the direction and supervision or Pro- 
fessor Ame Tiselius at the Physical Chemistry Institute in Upsala, 
Sweden. All of the results which are presented here in summary form 
have been published in detail elsewhere by Tiselius and Horsfall.^ 

In order to study with precision the characteristics of moving 
boundaries of protein in electrophoresis, a well defined test object was 
necessary. Various hemocyanins were selected for this purpose 
because certain of these proteins are fairly well characterized when 
studied chemically, in the ultracentiifuge, by diffusion, and in electro- 
phoresis. They also possess the advantages attributable to their very 
high molecular weights and low diffusion constants. 

All experiments were carried out in the improved electrophoresis 
apparatus described by Tiselius.^ The scale method of Lamm® which 
has recently been adapted to electrophoresis was used throughout for 
the quantitative study of protein boundary phenomena. Multiple 
scale method electrophoretic diagrams were worked out in each 
experiment so that the whole course of the migration of the boundaries 
in both limbs of the U tube could be followed accurately. 

Although the micro-comparation of the position of scale lines, the 
plotting of scale line displacement graphs, and the integration of 
areas beneath the curves obtained is laborious and time consuming, 
the accuracy of the method and the additional information gained 
often well repay energy so expended. Scale method electrophoretic 
diagrams may reveal minor degrees of boundary inhomogeneity which 
would be diflBicult to assess accurately by other methods. They also 
permit the identification and the calculation of mobilities for minor 
components which fail, even after maximum migration, to resolve into 
distinct boundaries separate from those of the major components. 
And finally scale method diagrams make it possible to calculate the 

1 TiseliuB, A., & Horsfall, F., Jr. Nova Acta Soc. Sd. Upsala (in press). 1939. 

s TiseUus, A. Trans. Faraday Soc. 33 : 524. 1987. 

3 Lamm, O. Z Physik. Chem. A138: 313. 1928. 
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concentration of separate components even though the quantity of 
protein contained in them is relatively small. Component concentra- 
tions determined optically by this method have been found to be as 
accurate as micro-Kjeldahl analyses of the same solutions. 

Certain unnecessary anomalies in both boundary form and migra- 
tion may easily confuse the interpretation of electrophoretic studies. 
Protein solutions which have not been dialysed against buffer for a 
sufficiently long period usually produce abnormal boundaries which 
may migrate with different mobilities in the two limbs of the TJ tube, 
may appear unusually sharp in one limb, and even may produce more 
than one concentration gradient peak. Protein solutions which have 
been adequately dialysed but against a buffer of insufficient ionic 
strength may also migrate in an abnormal manner, and frequently 
under these conditions only a fraction of the total protein present in 
the U tube will enter into the formation of the moving boundary. 
Even though dialysis has been prolonged sufficiently to achieve 
equilibrium between the protein and the buffer, and despite the use of 
a buffer of adequate ionic strength, the concentration of protein itself 
is of importance and has definite upper limits in quantitative studies. 
With too great concentrations of protein the so-called S boundary may 
develop. Most accurate results, both as regards mobility determina- 
tions and component concentration calculations, are achieved when 
relatively dilute protein solutions are used. Heat convections may 
arise if the potential gradient exceeds definite limits or if the effective 
removal of heat from the U tube itself is inefficient. One of the first 
indications of the development of convections is an upward convexity 
of one or both boundaries as observed by the Toepler Schlioren 
method. With reasonable care and with a properly constructed and 
operated apparatus it is possible to prevent the occurrence of any of 
the boundary anomalies which have been mentioned above. 

The study of multiple scale method diagrams of the moving bounda- 
ries of hemocyanins has revealed a slight and constant asymmetry of 
both the ascending and the descending boundaries. This asymmetry 
is usually apparent when the scale line deflection curves are plotted, 
but it is more readily recognized when the two areas under the curve 
and on either side of a vertical line through the point of maximum 
deviation are integrated and compared. The ascending boundary 
(A) and the descending boundary (D) shown in figure 1 illustrate this 
asymmetry. 

It is to be noted that in the case of both boundaries the area (J5) 
between the vertical line and the buffer is smaller than the area (P) 
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between the vertical line and gradient free protein. With hemocya- 
nine at least, this bilateral boundary asymmetry seems to be a constant 
phenomenon and occurs whether the boundary is moving into buffer 
or into protein. Although this slight asymmetry in boundary form 
does occur, it does not complicate the determination of mobilities or 
concentrations. The asymmetry is thought to be caused by minor 
heat convections, and it is unlikely that even under the most ideal 
conditions these can be entirely eliminated. 



Scale method diagrams have also demonstrated that the ascending 
boundary is regularly somewhat more sharp and slightly less broad 
than the descending boundary. That is, the maximum refraction 
produced by the ascending boundary is greater than the maximum 
refraction produced by the descending boundary, and the vertical 
distance in the U tube through which the ascending boundary causes 
refraction is less than the corresponding distance for the descending 
boundary. The two diagrams shown in figure 1 also illustrate these 
characteristics. The areas under the curves for the two boundaries 
are, however, identical within the limits of experimental error, and the 
protein concentration can readily be calculated from either. 

The various quantitative characteristics of ascending and descend- 
ing hemocyanin boundaries which have been briefly referred to above 
may be observed at any one period during a single experiment and are 
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not dependent upon cither time or the distance of migration. Com- 
parisons of multiple scale method diagrams, however, taken at differ- 
ent times during one and the same electrophoretic experiment show 
still another and a much more striking phenomenon, that is boundary 
spreading. This phenomenon was observed by Tiselius,^ and it was 
shown that its occurrence precluded the calculation of diffusion con- 



Fiovnii 2 

stants during electrophoresis. Both the ascending and the descending 
boundaries become progressively less sharp and more broad as they 
migrate farther from zero portion. This spreading, which is associated 
with increasing migration, affects both boundaries in equal propor- 
tions and can readily be shown to be neither the result of diffusion nor 
due to an apparatus effect by amply reversing the current. When this 
is done not only is the direction of migration of the boundaries reversed 
but so too is their spreading, and as the boundaries migrate back 
towards zero position they become progressively more sharp and less 


* TiseliuSi A. Nova Acta Soc. Sd. XJpsala lY, 7 (4). 1930, 
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broad. In figxtre 2 arc shown three scale method elect rophoro tic 
diagrams of a single hemoeyanin boundary as it migrated away from 
zero position. In pigubje 3 arc shown three diagrams of this same 
boundary as it migrated back towards zero position after reversal of 
the current. 



Fzgubb 3 

Boundaries which have migrated as far as possible within the cell and 
have then been reversed and have migrated back to zero position do 
not completely regain their original sharpness, although they may 
approximate this state rather closely. This phenomenon has been 
termed reversible boundary spreading and has been interpreted as 
evidence of some <'lectro-chcmical inhomogeneity in the protein pro- 
ducing the boundary. 





THE INFLUENCE OF IONIC STRENGTH AND 
pH ON ELECTROPHORETIC MOBILITY 

By Bernard D. Davis and Edwin J. Cohn 
From the Department of Physical Che^nistry, Harvard Medical School 
Boitton, Massachusetts 

The method of electrophoresis was first employed in the study of a 
protein solution when Keton and Linder^ noted in 1892 the movement 
of hemoglobin in an electric field. In the same decade W. B. Hardy^* ® 
extended the use of the method to other proteins and to other solvents, 
and noted 1) that “the particles, since they refract light, must be of 
much more than molecular dimemdons*' and 2) that the charge was 
''due to a real electrolytic dissociation at the surface of the particles, 
the degree of dissociation depends upon the same factors, which in the 
interaction between solvee and solvent determine the degree of dis- 
sociation of different electrolytes’^® (p. 292). 

Hardy also noted that proteins "move with the negative stream if 
the reaction of the fluid is alkaline; with the positive stream if the 
fluid is acid”^ (p. 304), and thus demonstrated their amphoteric nature. 
Michaelis^ was however the first investigator to determine accurately 
the hydrogen ion concentration at which the migration of a protein 
changed its direction, termed the isoelectric point, and to apply dis- 
sociation theory to characterize the isoelectric point of a simple 
ampholyte. 

Proteins are multivalent both as acids and as bases and exist largely 
as dipolar ions in the neighborhood of their isoelectric point. At other 
reactions they possess a net charge and are present as salts. The 
valence of the protein thus might be expected to influence mobility 
in two ways. Thus the greater the valence the greater the net charge 
and therefore the greater the mobility. On the other hand, the greater 
the valence the more the activity coefficients deviate from unity at 
any given concentration and the more the mobility will diminish from 
that which would obtain in infinitely dilute solution. Mobility should 
be closely proportional to the net charge under the latter conditions, 
but not necessarily at appreciable ionic strengths. 

There have been numerous improvements in the technique of 
measuring electrophoretic mobility since the early measurements of 

^Picton, H., & Linder, S. E. Jour. Chem. Soc. 61: 148. 1892; 71: 568. 1897. 

3 Hardy, W. B. Jour. Physiol. 24: 158. 288. 1899. 

« Hardy, W. B. Jour. Physiol. 33 : 251. 1905. 

4 Michaelis, L. Die Wasserstofflonenkonzentration. Berlin. 1914. 1922. 
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Picton and Linder^ and of Hardy.®* ^ Omitting from conbidcration 
the microscopic methods which have been extensively employed/* ®* ^ 
these include protecting the protein solution from changes in hydrogen 
ion concentration occurring at the electrodes, dct('rmining conditions 
such that the change in density, in conductivity and in the gradient 
of temperature and pH and other factors at the moving boundary be 
reduced to a minimum. Despite the great advances that have been 
made, especially by Tiselius, mobility is still determined in the 
presence of a relatively high concentration of other ions, generally of 
buffer ions, and it is therefore desirable to consider not only the influ- 
ence of the pH but of the ionic strength of the solution. 

The movement of the hemoglobin boundary is readily followed 
without the aid of an optical system such as that employed by Scott 
and Svedberg^ and later by Tiselius.® Hemoglobin, investigated by 
Michaelis and Airila in 1921,1° has therefore repeatedly been studied 
in our laboratory since the early measurements of Laszlo Reiner.^ 
Recent studies have moreover demonstrated that the dissociation of 
horse carboxyhemoglobin over the neutral range is due to the imida- 
zole groups of histidine. Of the 32 or 33 such groups per molecule of 
hemoglobin from 12 to 16 appear to dissociate at reactions acid to the 
isoelectric point but alkaline to pH 5.6.i® Studies of the mobility of 
the protein under these conditions were therefore undertaken in 
order to determine the relative importance of pH and ionic strength 
when there was some knowledge of the number and nature of the 
dissociating groups. The most recent form of the Tiselius apparatus, 
which should make possible comparable studies upon other proteins, 
was not available when these measurements were begun, but has 
since become so and the results with the simpler electrophoresis ap- 
paratus employedi® have been confirmed with it. 

At an ionic strength of 0.02 and a pH of 6.65 a mobility of 10.3 X 
10“® cm®/volt-scc was observed in phosphate buffers at 25®. At the 
same pH this mobility was reduced to 2.7 X 10“® at an ionic strength 

> Abramson, H. A. Electrokinetic Phenomena and their Application to Biology and 
Modicme. Chemical Catalogue Co., Inc., New York. 1934. 

6 Northrop, J. H., & Kunitz, M. Jour. Gon. Phybiol. 7: 729. 1925. 

7 Smith, E. B. B. Jour. Biol. Chem. 108: 187. 1935: 113 : 473. 1936. 

s Scott, N. D., & Svedberg, T. Jour. Am. Chem. Soc. 46: 2700. 1924. 

• Tiselius, A. Dissertation, Upsala. 1930: Trans. Faraday Soc. 33: 524. 1937; Biochem. 
Jour. 31: 313, 1464. 1937. 

10 Michaelis, L., & Airila, T. Biochem. Z. 118: 144. 1921. 

11 Beiner, L. Kolloid Z , 40 : 327. 1926; see also Cohn, E. J. Physiol. Bey. 5 : 394. 1925. 

u Cohn, E. JT., Green, A. A., & Blanchard, M. H. Jour. Am. Chem. Soc. 59 : 500. 1937. 

German, B., As Wyman, J., Jr. Jour. Biol. Chem. 117: 583. 1937. 

Wyman, J., Jr. Jour. Biol. Chem. 127: 1 . 1989. 

Davis, B. D., As Cohn, E. J. Jour. Am. Chem. Soc. (in press). 
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of 0,15. At the lower ionic strength this mobility was observed at 
pH 6.7. A change from 0.15 to 0,02 in ionic strength thus produced a 
change in mobility in these systems equivalent to a change of over one 
pH unit. Change in ionic strength is thus not a second order phenom- 
enon but one of first importance. 

For a univalent ion the change in mobility with change in ionic 
strength at this temperature should on the basis of Onsager’s^^ devel- 
opment of the Debyc-Hiickel theory of intcrionic forces be: 

u = Wo — (awo + ^) K = Wo — A'k (1) 

where Wo is the mobility at zero ionic strength, a is approximately 
0.22 X 10”® at 25° in the presence of other univalent ions, and g equals 
28.9 X 10”®. Equation (1) holds only for exceedingly dilute solutions. 
Using the more extended equation of Shcdlovsky^® for more concen- 
trated salt solutions 


w = Wo — A'k + By? — olBy? (2) 

and putting B = A', as is found to be approximately the case for 
many salts, yields diminution in mobilities passing from 0.02 to 0.15 
in ionic strength, respectively of 5.8, 5.2, and 4.8 for and Li’^, 

where wo at this temperature is respectively 71.0, 48.5, and 37.4 X 
10”®. Over this ionic strength range the diminution in mobility 
noted for carboxyhcmoglobin (10.3 — 2.7 =* 7.6 cm^volt-sec) was 
only slightly greater than that for a univalent ion in the presence of 
other univalent ions, and no greater than that for a bivalent ion in the 
presence of univalent and bivalent ions, although the valence of 
hemoglobin at this pH lies, as we have seen, between 12 and 16. 

For the mobility of a large molecule of radius r the electrophoretic 
term of equation (1) should be divided by (1 + Kr),^^ since icr will 
under those circumstances no longer be small in comparison with 
unity. This factor is that by which wo is divided in the studies of 
Moyer and Abramson.^® Introducing it into equation (1), and ne- 
glecting the term in a, we have 

w = Wo — &>c/(l + Kr) (3) 

14 Onsager, L. Physik. Z. 27 : 388. 1926; 28: 277. 1927. 

16 Shedlovsky, T. Jour. Am. Ohem. Soc. 64: 1405, 1411. 1932. 

i« Madnnes, D. A., Shedlovsky, T., A Longsworth. L. G. Jour. Am. Chem. Soc. 54: 
2758. 1932; Ohem Bev. 13: 29. 1933. 

17 Maclimes, D. A. The Principles of Electrochemistry. Belnhold Publishing Corp., 
New York. 1939. 

18 Moyer, L. S. Cold Spring Harbor Symp. 6 : 228. 1938. 

Moyer, L. S., is Abramson, H. A. Jour. Biol. Ohom. 123: 301. 1938. 
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Assuming r for carboxyhemoglobin to be 27 A., Uo according to this 
equation would be 29.8 at pH 5.65 and 3 would be 314, or approxi- 
mately tenfold as great as for a univalent ion according to cciuation 
(1), and somewhat greater than for a univalent ion according to 
equation (2). 

Not only the observed mobility, u, but the apparent isoelectric 
point is a function of the ionic strength. If our measurements be 
analyzed at constant pH intervals from the apparent isoelectric point, 
on the assumption that the influence of ionic strength on protein ions 
of equal valence is then considered, the values both of A' in equation 
(1) and 0 in equation (3) are much smaller. The ratio A'/uo is under 
these circumstances approximately 3.2 and that of ^'/mo 9.7 over a 
considerable pH range. 

One must concede that in the case of proteins mo may have only 
theoretical signiflcance because of ion association in dilute solution. 
None the less one must stress the influence of ionic strength, regardless 
of the form of equation employed, in reducing electrophoretic mo- 
bility. 

A large number of measurements that have been made for this and 
other proteins, at 25® and at 4®, in this and other buffers, are under 
investigation so as to yield a more adequate foundation relating 
mobility to the net charge at the ionic strengths at which such 
measurements are generally made. 
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VARIATION 

This paper reports certain features of a study of American cities and 
states, using the methods which have proved valuable in the study of 
individual persons. The items of fact listed below have been obtained 
for each city in the United States having over 30,000 population in 
1930, but excluding the cities over 500,000 (except Milwaukee which 
was retained for special reasons) and the three resort cities Atlantic 
City, Miami, and St. Petersburg. In some instances where the item 
was not discoverable, it has been estimated on the basis of correlated 
items for the city in question or of the same item in cities much like 
the city in question. There are less than three such estimated scores 
per thousand. A few of the officially reported facts seem surely er- 
roneous, and in about one case out of four thousand. I have replaced an 
extreme measure of doubtful accuracy by an estimated measure. 
The distributions, correlation coefficients, and conclusions of this 
paper are not altered appreciably by using these procedures. Many 
of the items (those preceded by an S in the list below) have also been 
obtained for each of the forty-eight states. 

List of the Facts Studied 

1. Population in 1930. 1930 Statistics of Population. 

2, Population in 1900. 1900 Statistics of Population. 

S 3. Recent Growth: Item 1 divided by Item 2. 

S 4. Latitude. 

5. Longitude. 
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6. Estimated per capita value of private property computed as the assessed 
valuation divided by the rate customary in the city in question. Financial 
Statistics for Cities for 1930, Table 23. 

7. The same as Item 6 except that real estate only is used. 

8. lleportcd total paid for interest divided by reported total public indebted- 
ness. Financial Statistics of Cities for 1930, pp. 500 f. and 430 f. 

9. Density of population: pei*sons per acre. Computed from data in Financial 
Statistics of Cities for 1930, Table 1. 

10. Natural advantages; average of two competent estimates. 

S 11. Per capita value of all public property (excluding streets, pavements and 
sewers), minus public indebtedness. Computed from data in Financial 
Statistics of Cities for 1930, and in Financial Statistics of States for 1930. 

S 12. Per capita value of schools, libraries, museunos, parks, hospitals, and 
asylums owned by the public. Computed from data in Financi^ Statistics 
of Cities for 1930, and Financial Statistics of States for 1930. 

S 13. Gross debt incm-red for general departments and municipal service enter- 
prises. Financial Statistics of Cities for 1930, Table 20, Section II. 

14. Gross debt incurred for public service enterprises and investments. Same 
source as for item 13. 

S 15. Net debt. Same source as for item 13. 

S 16. The quotient of the value of public property in schools, libraries, museums, 
and parks divided by the value of public property used for other municipal 
purposes (general, government, police, file, health, sanitation, and care of 
highways). Computed from data in Financial Statistics of Cities for 1930. 

S 17. Per capita acreage of parks. Bulletin 565, U. S. Bureau of Labor Statistics. 

S 21, Percentage of persons 16 or 17 years old attending school. 1930 Census, 
Statistics of Population, vol. 2, pp. 1112 f., 1151 f. and 1171 f. 

S 22. Percentage of persons 18 to 20 years old attending school. 1930 Census, 
Statistics of Population, vol. 2, pp. 1112 f., 1151 f., and 1161 f. 

23. Average salary of high-school teachers. Computed from data in the Bi- 
ennial Survey of Education, 1928-30, U. S. Department of the Interior, 
Office of Education, vol. II, pp. 142 f. and 251 f. 

24. Average salary of elementary-school teachers. Same source as for Item 23. 

S 24a. Average salary of all teachers and supervisors. Items 23 and 24 could not 

be obtained separately for states. P. 56 f. of same source as for Item 23. 

S 25. Per capita circulation of Belter Homes and Gardens^ Good Housekeeping and 
The National Geographic Magazine. The circulations are for Dec. 27, 
March 29 and June 28, respectively as reported in “Circulation of fifteen 
leading magazines” by the Marketing Division of the International Maga- 
zine Co. The 1930 populations are used as divisors. The 1934 “ Circulation 
Count ” of Better Homes and Gardens (Meredith Publishing Co.), the 1934 
“Good Housekeeping Circulation” and the 1935 “Net Paid Distribution of 
the National Geographic Magazine” were also used in the case of the cities. 

S 26. Per capita circulation of the Literary Digest, average of two years (1926 
as reported by the Marketing Division of the International Magazine Co., 
divided by the geometric mean of the 1920 and 1930 populations; 1930 as 
reported in “ The Lord of the Manor.”) For states only the latter was used. 

27. Per capita circulation of fifteen important magazines (not available for all 
cities). Same source as for item 25. 
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28. 


29. 


S 30. 


S 31. 

32. 
S 33. 

34. 

35. 

36. 

37. 

38. 


39. 

40. 

41. 


43,44, 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

53. 
S 53a. 
S 54. 


S 55. 
S 56. 


Per capita circulation (approximate) of Modern S(neny Radio Stan,, and 
JModirn Romances. Data from Modern Magazines’ ^ for 1935 divided by 
1930 population. This is a l)(>oklot with no author or publibhor stated. 
It is probably obtainable from the mlvortising department of any one of the 
three magazines. 

Approximate per capita circulation of all JMacFaddon magazines. 1936 
circulation of Liberty, True Story, IVIacFaddcn Women’s Group. Division 
of Marketing and llesearch, MacFadden Publications. 

Per capita number of pupils graduating from public high-schools in 1935. 
The gross numbers graduating were supplied by the courtesy of the Office 
of Education in the Department of the Interior. The 1930 populations were 
used as divisors. 

Per capita numb^T of illiterates (all). 

Per capita number of illiterates aged 10-14. 

Per capita number of illiterates aged 15-24. 

Per capita number of illiterates aged 25-34. 

Per capita number of illiterates aged 35—14. 

Per capita number of illiterates aged 45-54. 

Per capita number of illiterates aged 55 -64. 

Per capita number of illiterates aged 65 and over. 

Items 31-38 are taken from the 1930 Census, Statistics of Population, Vol. 
2, pp. 1238 f., 1275 f. and 1303 f. 

Per capita number of volumes owned by the library. 

Per capita number of borrowers from the library. 

Per capita library circulation. 

The data for items 39, 40 and 41 in certain cities are available in the Bulletin 
of the American Library Association, Vol. 31, No. 4, April 1937. Those for 
the other cities were supplied by the courtesy of the American Library Asso- 
ciation. 

Per capita expenditures for highways and light. 

Per capita expenditures for sanitation. 

Per capita expenditures for general government . 

Per capita expenditures for police. 

Per capita expend! tiues for hrc. 

Per capita expenditures for health. 

Per capita expenditures for public safety. 

Sum of items 43 to 51. 

Items 43 to 51 are from Financial Statihtics of Cities, 1930. 

Per capita expenditures for schools. 

Financial Statistics of Cities for 1930. 

Per capita expenditures for schools (including building costs). 

Statistical Abstract of the United States, 1935, Table 117. 

Per capita expenditure for teachers’ salaries. Computed from data in the 
Biennia] Survey of Education for 1928-1930, Bulletin 20, Office of Educa- 
tion, U. S. Department of Interior. 

Per capita expenditures for textbooks and class-room supplies. Same source 
as for Item 54. 

Per capita expenditures for libraries and museums. Computed from data 
in Financial Statistics of Cities for 1930, and Financial Statistics of States 
for 1930. 
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S 57. Per capita expenditures for recreation. Same sources as for Item 56. 

S 59. Approximate per capita wholesale sales for 1933. Consumer Market Data 
Handbook, Market Kcsearch Scries No. 15, U. S. Depai*tment of Commerce, 
1936. 

S 60. Approximate per capita sales of all retail stores for 1933. Same source as 
for item 59. 

S 61. Per capita sales of all retail stores for 1930. 

S 62. Per capita sales of all retail food stores. 

63. Per capita sales of all retail stores except food stores. 

S 64. Per capita sales of all retail cigar stores. 

S 65. Per capita sales of all retail drug stores. 

67. Per capita sales of all retail auto stores. 

S 68. Per capita sales of all retail radio and music stores. 

S 69. Per capita sales of all retail book stores. 

70. Per capita sales of aU retail florists. 

71. Per capita sales of all jewelry stores. 

72. Per capita sales of all music (without radio) stores. 

73. Per capita sales of all newsdealers. 

S 74. Per capita sales of all second-hand stores. 

Items 61 -74 are computed from data in the 1930 Census of Distribution, 
Vol. 1, parts II and III. 

S 75- Approximate per capita service, amusements, and hotel receipts for 1933. 
Consumer Market Data Handbook. Market Research Series No. 15. U. S. 
Department of Commerce, 1936. 

76. Approximate per capita postal receipts for 1933. Same source as for Item 75. 
S 77. Percentage which sales of food stores are of total retail sales. 

78. Percentage which sales of auto stores are of total retail sales. 

S 79. Percentage which sales of radio and music stores are of total retail sales. 

80. Percentage which sales of book stores are of total retail sales. 

S 81. Percentage which sales of cigar stores are of total retail sales. 

S 82. Percentage which sales of drug stores are of total retail sales. 

83. Percentage which sales of florists are of total retail sales. 

84. Percentage which sales of jewehy stores are of total retail sales. 

85. Percentage which sales of music (no radio) stores arc of total retail stores. 

86. Percentage which sales of newsdealers are of total retail sales. 

87. Percentage which sales of second-hand stores are of total retail sales. 

S 88. Percentage which sales of ** single stores arc of totd retail sales. 

S 89. Percentage which sales of “chain*' storas (local, sectional, or national) are 
of total retail sales. 

90. Per capita number of book stores. 

91. Per capita number of cigar stores. 

92. Per capita number of drug stores. 

93. Per capita number of jewelry stores. 

Items 77 to 93 are quoted or computed from the 1930 Census of Distribu- 
tion, Vol, 1, parts II and III. 

S 97. Approximate per capita number of homes wired for electricity in 1933. 
Consumer Market Data Handbook. Market Research Series No. 15, U. S. 
Department of Commerce, 1936, 

98. Per capita domestic installations of electricity. The number reported in 
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Markets and Quotas, Curtis Publishing Co., 1932, divided by the 1930 
population. The original authoiilies are the National Electric Light 
Association and the U. S. Department of Commerce. 

S 99. Per capita domestic installations of gas. Same as for Item 98. The original 
authority is the Ameiican Cas Association. 

S 100. Per capita number of Ford automobiles. Computed fiom data in Markets 
and Quotas, Curtis Publishing Company, 1932. 

S 101. Per capita number of automobiles other than Fords. Same source as Item 

100 . 

S 102. Per capita number of automobiles: the sum of items 100 and 101. 

S 103. Per capita number of telephone subscribers. The Lord of the Manor, pub- 
lished by the I iterary Digest. 

S 104. Per capita number of radio sets. 1930 Census, Population, Vol. VT, Tables 
59, 76, and 79. 

S 100. Per capita number of homes owned. 1930 Census, Population, Vol. VI, 
Table 41 and Table 4 for each state. 

106a. Percentage of homes owned by their occupants. 

107. Rarity of extreme poverty, measured by the lent paid (or equivalent if the 
home is owned) by the 5 percentile family (i. e., the lental less than which 
is paid by 5%, and more than which is paid by 95% of the community's 
families). 

107a. Rarity of extreme poverty, measured by the percentage of families living in 
homes renting for less than $10 a month. 

108. Rarity of less extreme poverty, measured by the rent paid (or equivalent) 
by the 10 percentile family. 

109. Median family rental (or equivalent if the home is owned). 

110. The rent paid by the 75 percentile family. 

111. The rent paid by the 90 percentile family. 

112. The rent paid by the 95 percentile family. 

113. Approximate average family rental. 

Items 107 to 113 are computed from data in the 1930 Census, Statistics of 
Population, Vol. VI, Table 67 and Tabic 7 for each state. In the states 
similar measures (Tables 45 and 46) were obtained for the non-farm homes 
only. 

114 to 118. Variability in income as indicated by vnrialiility in amounts paid for 
rental (or equivalent if the home is owned). 

114. Item 112 minus item 107. 

115. Item 112 divided by item 107. 

116. Item 111 minus item 108. 

117. Item 111 divided by item 108. 

118. Per capita number of homes over $100 a month plus per capita number of 
homes under $10 a month. Same source as Items 107 to 113. 

119. Variability in income as indicated by the sum of the approximate per- 
centage of families reporting income tax and the approximate percentage of 
families no/ supplied with electricity. Computed from items 233, 97, and 98. 

120. 90 percentile rental minus 50 percentile rental. 

120a. 95 percentile rental minus 50 percentile rental. 

120b. 50 percentile rental minus 5 percentile rental. 

120c. 50 percentile rental minus 10 percentile rental. 
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122. Approximate per capita value of church property. 

123. Approximate per capita annual expenditures of religious bodies. 

S 124. Approximate percentage of the population who are church members aged 
13 or over. 

S 125. Approximate percentage of the population who are members, aged 13 or 
over, of Roman Catholic churches. 

S 126. Approximate percentage of the population who are members, aged 13 or 
over, of Jewish congregations. 

S 127. Approximate percentage of the population who are members, aged 13 or 
over, of Unitarian, Universalis!, or Christian Science Churches. 

Items 122 to 127 are computed from the data in the 1926 Census of Religious 
Bodies, using the estimated 1925 population as a divisor. 

S 128. Males per 1000 females. 

S 129. Number of births per 1000 population, 

S 130. Number of births per 1000 females age 20 to 44. Computed from item 129 
and item 150. 

S 131. Infant death-rate, average of 1926 to 1934, reversed so that low rates are 
scored + and high rates — . Statistical Report of Infant Mortality for 1934. 
American Child Health Association. 

S 132. General death-rate (average of 1930, 1933, 1934) reversed as in Item 2. 

S 133. Per capita deaths from syphilis, average of four years. 

S 134. Per capita deaths from typhoid, average of six years. 

S 135. Per capita deaths from diabetes, average of six years. 

S 136. Per capita deaths from appendicitis, average of six years. 

S 137, Per capita deaths from puerperal diseases, average of six years. 

Items 132 to 137 were computed from data in Mortality Statistics, Bureau 
of the Census, Vols. for 1928 to 1933. 

138. Per capita deaths from gonococcus infections, etc., average of three years. 
Computed from data furnished by the Division of Vital Statistics of the 
U. S. Census Bureau. 

S 140. Median size of family in 1930. 1930 Census of Population, Vol. VI, Table 
66 and Table 21 for each state. 

S 141. Average size of family in 1900, 1910 and 1920. 1920 Census of Population, 
Vol. 2, Table 4. 

S 142. Change in size of family. Average size in 1920 minus average size in 1900. 

S 143. Percentage wliich native white families are of all families. 

S 144. Percentage which foreign born white families are of all families. 

S 145. Percentage which negro families are of all families. 

Items 143 to 145 are from the 1930 Census of Population, Vol. VI, Table 63 
and Table 21 for each state. 

146. Percentage of the population under 15. 

S 147. Percentage of the population under 10. 

S 147a. The same for males. 

S 147b. The same for females. 

S 148. Percentage of the population 65 and over. 

S 149. Percentage of moles 20 to 39. 

S 149a. Percentage of males 40 to 64. 

S 150. Percentage of females 20 to 44. 

S 150a. Percentage of females 40 to 64. 
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S 160b. 
S 160c. 


161. 

152. 


S 153. 
S 154. 
S 155. 


S 150. 


157. 


158. 


S 162. 
S 163. 
S 164. 
S 165. 
S 166. 
S 167. 
S 168. 
S 169. 
S 171. 
S 172. 
S 173. 
S 174. 
S 177. 
S 178. 
S 179. 
S 180. 
S 181. 
S 182. 
S 183. 
S 184. 
S 185. 
S 186. 
S 187. 
S 188. 
S 189. 
S 190. 
S 191. 
S 192. 
S 193. 
S 194. 


Percentage of the population 10 to 14. 

Percentage of the population 15 to 19. 

Items 146 to 150e are computed from the 1930 CensiH, Population, Vol. II, 
Tables 33, 38 and 30. 

Percentage of males 10 yi\ and over gainfully employed. 1930 Census, 
Statistics of Population, Vol. IV, Tables 24 and 57. 

Percentage of females 10 yr. and over gainfully employed. Same source as 
for item 151. 

Percentage of males 10 to 15 years old 7Wt gainfully employed. 

Percentage of females 10 to 15 years 7iot gainfully employed. 

Per capita number of married women gainfully employed. 1930 Census of 
Population, Vol. IV, Table 10 and Table 5 for each state. 

Per capita number of wage earners in factories. Computed from data in 
Markets and Quotas, Curtis Publishing Company, 1932. 

Unemployment in 1930. Persons per capita out of a job and looking for a 
job. U. S. Census, 1930; Unemployment, Vol. 1, Table 14, pp. 24-41, and 
Table 10 for individual states. 

Unemployment in 1930. Persons per capita having jobs but laid off though 
able and willing to work. Same source as for item 157. 

Per capita number of male clergy. 

Per capita number of female clergy. 

Per capita number of male physicians. 

Per capita number of female physicians. 

Per capita number of male nurses. 

Per capita number of female nurses. 

Per capita number of male domestic servants. 

Per capita number of female domestic servants. 

Per capita number of male teachers. 

Per capita number of female teachers. 

Per capita number of male musicians. 

Per capita nxunber of female musicians. 

Per capita number of male dentists. 

Per capita number of fexnale dentists. 

Per capita number of male lawyers. 

Per capita number of female lawyers. 

Per capita number of male actors. 

Per capita number of female actors. 

Per capita number of male sculptors, artists and teachers of art. 

Per capita number of female sculptors, artists and teachers of art. 

Per capita number of male public employees. 

Per capita number of female public employees. 

Per capita number of male professional workers (exclusive of teachers). 

Per capita number of female professional workers (exclusive of teachers). 
Per capita number of male police. 

Per capita number of male architects. 

Per capita number of male designers. 

Per capita number of male osteopaths. 

Per capita number of male technical engineers. 

Per capita number of male veterinary doctors. 
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195. Per capita number of female police. 

19G. Per capita number of female architects. 

S 197. Per capita number of female designers. 

S 198. Per capita number of female osteopaths. 

199. Per capita number of female technical engineers. 

200. Per capita number of female veterinary doctors. 

S 201. A weighted composite of the per capita numbers of physicians, nurses and 
teachers minus a score for the per capita number of male domestic servants. 
The fiist three have approximately equal weight, and the fourth approxi- 
mately as much weight as the first three combined. 

S 202. Number of female clergy divided by the number of male clergy. 

S 203. Sum of items 195, 196, 197 and 200. 

S 204. Patio of female to male dentists. 

S 205. Ratio of female to male lawyers. 

P 206. Ratio of female to male teachers. 

S 207. Ratio of female to male actors. 

S 207a. Ratio of female to male sculptors, ai-tists and teachers of art. 

S 207b. Ratio of female to male public employees. 

S 207c. Ratio of female to male professional workers (exclusive of teachers). 

S 207d. Ratio of male dentists to male lawyers. 

Items 162 to 207d are computed from data given in the 1930 Census, 
Statistics of Population, Vol. IV, Table 5 for each state, and Table 4 for 
some states. 

S 208. Percentage of the population listed in Who^s Who for 1930. Computed 
from data in the geographical index in Who^s Who, 1930. 

S 209. Percentage of the population listed in Who^s Who for 1910. Computed 
from data in the geographical index in Who^s Who, 1910. 

S 210. Increase in the percentage in Who's Who, 1910 to 1930 (Item 208 divided 
by Item 209). 

S 211. Percentage of the population enrolled as members of the American Associa- 
tion for the Advancement of Science. Data from Proceedings of the 
A. A. A. S., vols. 82 to 87. 

220. Average salary of full-time workers in all retail stores. 1930 Census, 
Distribution, Vol. I, parts II and IV. 

221. Average salary of full-time workers in national chain stores. Same source 
as item 220. 

222. Average of items 220 and 221. 

S 223. Average wage in manufacturing phinls. (The two years 1929 and 1931 
were used.) Biennial census of manufactures. 

224. Salary of a policeman (after 5 years of service). 

225. Salary of a fireman (after 5 years of service). The data for items 224 and 
225 were furni^^hed for 258 cities by the courtesy of their mayors. 

229 to 232. Per capita income of citizens, by various commercial estimates of the 
total income of the city. 

229. By the estimate in Markets and Quotas, The Curtis Publishing Co., 1932. 

230. By the estimate of “Total Income," in National Markets and National 
Advertising, Advertising Department of the Crowell Publishing Co., 1927. 

231. By the “Marginal Income" of the same publication. 

232. By the “Per Capita Effective Income” of the same publication. 
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S 233. Approximate per capita number of income tax returns: average number for 
1930 and 1931, dividctl by the 1930 population. Statistics of Income for 
1930, U. S. Treasury Department, 1932, and the same for 1931. 

234. Approximate per capita number of income tax returns for 1933. U. S. 
Treasury Publication, No. 2108. 

B 235. Approximate per capita number of income-tax returns of incomes exceeding 
$6000. Estimated from the data for counties reported in Markets and 
Quotas, Curtis Publishing Co., 1926, in the case of the cities. 

237. Per capita value added to product by manufacture. 

238. Per capita bank deposits. Markets and Quotas. The Curtis Publishing 
Co., 1932. 

S 241. Per capita deaths from homicides: Aveiage of six years. 

S 242. Per capita deaths from suicide: Average of six years. 

S 243. Per capita deaths from automobil accidents: Average of six years. 

Items 241 to 243 arc computed from data in Mortality Statistics, vola. for 
1928-1933, Bureau of the Census. 

244, Per capita illegitimate births: Average of three years. Computed from data 
furnished by the Division of Vital Statistics of the U. S. Census Bureau. 

S 248. A weighted composite of per capita membership, current expenses and 
value of property of the Y. M. C. A. Computed from data in the Y. M. 
C. A. Year Book and Official Roster for 1930. 

S 249. Per capita membership of the Boy Scouts. Twenty-first Annual Report of 
the Boy Scouts of America, 1930. House document No. 794 of the 71 st 
Congress, 3rd session. 

260. Church expenditures for outside benevolences divided by their expenditures 
for their own minister, music, maintenance of plant, etc., using facts for the 
Baptist, Congregationalist, Christian, Methodist, and Presbyterian de- 
nominations, but excluding churches with Negro or chiefly foreign member- 
ships. Computed from data in the Year Book of the Congregational Church, 
the Presbyterian Church in the U. S. A,, General Assembly, 1930, Part I, 
various Annuals of the Baptist Church, usually for separate states, the 
Minutes of various Annual Conferences of the Methodist Episcopal Church, 
Yearbook of the Christian Church, and documents made available to us in 
the offices of the Methodist Episcopal Church South, an<l of the Southern 
Baptist Church. 

S 251. Per capita membership in Kiwanis Clubs. Coinj)uted from data furnished 
by the department of records of Kiwanis International. 

S 252. Per capita membership in Rotary Clubs. Computed from data in the 
Official Directory of Rotary International, 1929, 1930 and 1931. 

255 to 262. Percentages of the total expenditures for maintenance and operation 
devoted to various purposes, 

255. Percentage of total expenditures devoted to general government. 

256. Percentage of total expenditures devoted to police. 

257. Percentage of total expenditures devoted to health. 

258. Percentage of total expenditures devoted to sanitation. 

259. Percentage of total expenditures devoted to charities, hospitals and correc- 
tions. 

260. Percentage of total expenditures devoted to schools. 

S 261. Percentage of total expenditures devoted to libraries. 
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262. Percentage of total expenditures devoted to recreation. 

Items 255 to 262 are taken from Financial Statistics of Cities for 1930, 
Table 14, and Financial Statistics of States, Table 13. 

263. Employment of a city manager. 

264. Provision for civil service examinations. 

265. Provision for city planning. 

266. Provision for obtaining and recording vital statistics. 

267. Provision for public convenience stations. 

268. Provision for a probation system. 

269. Special financial aid to mothers. 

The facts for items 263-269 were as found in Table 12 of Financial Statistics 
of Cities. 

270. A composite score summing credits given for items 263 to 270 with con- 
sideration of the size of the city. 

271. Sum of credits for per capita amounts spent on civil service, city planning, 
vital statistics and public convenience stations. 

274 to 296. Median prices as per the advertisements in the local newspapers 
during the week September 13 to September 18, 1937 for home rentals, 
house sales and various commodities and services. 


Variations among Cities 

The variations among cities in most of these items is very great, as 
will appear from the samples presented in Table 1. An examination 
of these and of over two hundred other distributions not printed here 
shows that with hardly an exception they are continuous and uni- 
modal. They are much less often symmetrical than are distributions of 
biological and psychological characteristics in individuals. The mode 
is sometimes at a superior condition in the trait in question with a long 
tail down to very inferior conditions. Such is the case, for example, 
with infant mortality, deaths from typhoid, homicides, and child labor. 
The mode is sometimes at an inferior condition with a long tail up to 
extremely good conditions, for example in the per capita amount spent 
for teachers' salaries, or for libraries, the per capita value of public 
buildings, the support of Y.M.C.A., the average rent per family, the 
per capita membership in the American Association for the Advance- 
ment of Science, and the per capita circulation of public-library books. 

Fifty-five of the cities adjoin larger cities, usually as residential or 
industrial suburbs. Forty of them are situated in the states of the 
Old South (Virginia, North Carolina, South Carolina, Georgia, Florida, 
Kentucky, Tennessee, Alabama, Mississippi, and Louisiana), and in 
certain respects deserve study by themselves. The two hundred that 
remain form a more homogeneous group of urban communities, and I 
shall in general compute correlations for both the 295 and the 200 
cities. 



Table 1 

The Nature and Amount of Variation in 295 Citibs 
Q « Quantity F = frequency 
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Variations among States 

The forty-eight states are not as instructive or “natural” units as 
the cities, but each of them docs have a certain individuality in popu- 
lation, economic life and customs, as well as in government and laws. 
In any case the facts for them are valuable as independent evidence 
concerning certain general problems. 

The variation among the states in important features of life and 
welfai-e is very great. Its amount can be realized easily by glancing 
down column after column of Table 2 which presents some of the 
facts about the states found in various sources or computed from them. 
States are large enough to guarantee that if the records are impartial 
the comparison of even the two extremes among the forty-eight will 
be dependable. The full table of which Table 2 gives sample columns 
shows that the population gain from 1900 to 1930 of California was 
over a thousand times as great as Vermont’s, that the public property 
balance per capita of Arkansas was reported to be about as far in the 
red as that of the best off state was on the plus side, that the reported 
per capita value of public property in schools, parks, etc. was over ten 
times as great in Delaware as in Georgia, that the percentage of per- 
sons aged 16 or 17 in school was nearly twice as high in California and 
Utah as in Georgia, Maryland and Rhode Island, that the average 
salary of teachers and supervisors in public schools was nearly four 
times as high in New York as in Mississippi, and so on through the list. 
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Table 2 


Variation among States in Eighty-two Important Features of 
Life and Welfare 
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id supervisors. 

irculation of three reputa 
e magazines, per 10.000. 

irculation of Literary 
igest, per 10,000. 

raduates from senior high 
Jiool in 1934, per 100,000 

ercentage of illiterates fo 
>tal population. 

s 

** 

i 
+.» 

o 

ii 

ity and county parks: 

^es, per 100,000. 




<3 

OS 

oa 




05 


21 

22 

23&24 

25 

26 

30 

31 

33 

17 

]. Ala. 

51.6 

18.0 

$ 792 

91 

63 

281 

12.6 

7.7 

66 

2. Ariz. 

56.6 

22.6 

1637 

281 

144 

CIO 

10.1 

7.2 

3371 

3. Ark. 

59.5 

22.6 

073 

115 

53 

402 

6.8 

3.8 

30 

4. Calif. 

82 1 

32 7 

2123 

470 

208 

842 

2.6 

1.1 

652 

o. Colo. 

63 2 

28.4 

1453 

399 

147 

822 

2.8 

1.3 

1654 

6. Conn. 

47 3 

37.8 

1812 

474 

144 

729 

4.5 

0.6 

6223 

7. Del. 

52 0 

18.1 

1570 

346 

129 

503 

4,0 

1 1 

337 

8. Fla. 

55,0 

19.7 

876 

335 

118 

362 

7.1 

5.2 

355 

9. Ga. 

43 6 

14.3 

684 

133 

59 

220 

9.4 

6 3 

115 

10. Idaho 

72.3 

32.9 

1200 

431 

161 

1229 

1.1 

0.3 

72 

11 111. 

67.1 

19.9 

1630 

359 

105 

689 

2 4 

0 5 

703 

12. Tnd. 

62.4 

21.7 

1466 

323 

92 

877 

1.7 

0 5 

248 

13. Iowa 

03.9 

25 1 

1094 

407 

98 

1008 

0.8 

0.3 

227 

14. Kan. 

66.4 

28.9 

1159 

323 

102 

906 

1.2 

0 5 

09 

16. Ky. 

49.2 

19.1 

896 

143 

59 

401 

6.6 

3 7 

121 

16. La. 

49 5 

37.8 

941 

103 

69 

465 

13.5 

8.5 

106 

17. Me. 

59.8 

23.1 

942 

358 

140 

706 

2.7 

1.2 

66 

18 Md. 

42 2 

16.2 

1518 

277 

94 

489 

3.8 

1.5 

225 

10. Mass. 

69.5 

25.0 

1875 

397 

143 

753 

3.5 

0.5 

344 

20. Mich. 

61.7 

20.2 

1534 

347 

116 

691 

2.0 

0.4 

287 

21. Minn. 

67.0 

24.4 

1251 

356 

126 

826 

1.3 

0.3 

441 

22. Miss. 

59.6 

23.1 

620 

92 

50 

341 

13.1 

8.6 

60 

23. Mo. 

51.6 

20.0 

1235 

252 

80 

576 

2.3 

0.9 

255 

24. Mont. 

67.9 

29.6 

1215 

439 

189 

998 

1.7 

0.5 

172 

25. Neb. 

63.2 

24.7 

1077 

366 

106 

1011 

1.2 

0.3 

528 

26. Nev. 

75.7 

31.2 

1483 

389 

213 

882 

4.4 

1.6 

370 

27. N. H. 

55.5 

22.2 

1254 

383 

161 

718 

2.7 

0.6 

242 

28. N. J. 

47.6 

16.9 

2113 

362 

141 

621 

3.8 

0.7 

329 

29. N. M. 

67.4 

22,1 

1133 

207 

91 

545 

13.3 

8.3 

2 

30. N. Y. 

59.4 

20.4 

2493 

339 

131 

561 

3.7 

O.S 

367 

31. N. C. 

49.3 

19.2 

873 

146 

60 

646 

10.0 

6.6 

68 

32. N. D. 

58.4 

25.1 

900 

267 

97 

949 

1.5 

0 5 

64 

33. Ohio 

67 7 

22.8 

1665 

382 

111 

780 

2.3 

0.5 

399 

34. Okla. 

63.2 

25,8 

1072 

203 

71 

716 

2.8 

1.4 

482 

35. Ore. 

72.8 

33.3 

1612 

595 

180 

953 

1.0 

0.4 

590 

36. Pa. 

48.6 

17 2 

1620 

326 

110 

639 

3.1 

0.5 

106 

37. R. I. 

40.4 

17.0 

1437 

305 

112 

441 

4.9 

0.7 

188 

38. S. C. 

46.7 

18.1 

788 

108 

48 

305 

14.9 

11.7 

85 

39. S. D. 

62.8 

27.9 

956 

291 

107 

924 

1.2 

0.3 

113 

40. Tenn. 

53.2 

19.9 

902 

136 

61 

471 

7.2 

4.3 

208 

41. Tex. 

67.2 

19.8 

924 

168 

101 

624 

6.8 

5.1 

352 

42. Utah 

80.9 

82.7 

1330 

325 

178 

1176 

1.2 

0.7 

881 

43. Vt. 

55.7 

21.3 

963 

493 

161 

605 

2.2 

0.6 

201 

44. Va. 

48.3 

18.1 

861 

206 

93 

501 

8.7 

5.4 

130 

45. Wash. 

76.8 

33.6 

1556 

575 

189 

1041 

1.0 

0.3 

581 

46. W. V. 

40.8 

20.3 

1023 

199 

72 

624 

4.8 

2.2 

71 

47. Wis. 

63.4 

21.5 

1399 

304 

101 

841 

1.9 

0.4 

322 

48. Wyo. 

68.4 

26.5 

1239 

493 

154 

1073 

1.6 

0.9 

383 
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bO 

if 
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68 

74 

75 

77 

79 

81 

82 

88 

89 

1. 

Ala. 

$ .73 

8 .40 

$ 6.60 

16.26 

.37 

.24 

4 44 

59 49 

13,94 

2. 

Ariz. 

.63 

2.16 

18.30 

19.41 

.14 

.70 

3 66 

02.76 

21.23 

3. 

Ark. 

.96 

.40 

6.50 

13.17 

.43 

.20 

4.19 

64 54 

11.10 

4. 

Calif. 

4.33 

2.81 

40.00 

20.46 

.77 

1.06 

3.eii 

60 75 

22.54 

6. 

Colo. 

2.84 

2.63 

21.80 

20.09 

.63 

.72 

3 02 

67.60 

15.40 

6. 

Conn. 

2.20 

.77 

23.10 

26.56 

.46 

.74 

2.97 

68.23 

21.06 

7, 

Del. 

3.44 

1.84 

19.80 

25.32 

.64 

2.00 

2.43 

70.60 

15.72 

8. 

Fla. 

1.17 

1,15 

18.10 

22.37 

.34 

.60 

4 88 

69.21 

17.12 

9. 

Ga. 

.76 

1.02 

9.30 

18.94 

.35 

.30 

4.39 

64.74 

16.29 

10. 

Idaho 

1.87 

.88 

15.70 

17.08 

.49 

1.55 

3.28 

62.76 

20.54 

11, 

111. 

2,61 

1.59 

33.10 

22 81 

.54 

.98 

3.55 

69.67 

22.42 

12. 

Ind. 

1.56 

1.08 

14.70 

22.20 

.41 

.87 

3 81 

68 07 

18.62 

13. 

Iowa 

1.16 

.74 

16.60 

16.04 

.29 

.94 

3.40 

62 80 

14.56 

14. 

I^n. 

1.60 

1.10 

13.70 

17.32 

.41 

.43 

4.12 

62 90 

15.52 

15. 

Ky. 

.58 

.50 

10.90 

20.57 

.26 

.28 

3.88 

63 21 

14.81 

16. 

La. 

1.00 

1.06 

12.20 

16.93 

.44 

.42 

4.42 

70.67 

12.68 

17. 

Me. 

1.15 

.49 

17.00 

23.65 

.30 

.48 

3.33 

72.60 

13.16 

18. 

Md. 

1.44 

1.74 

22.80 

27.09 

.38 

.52 

3.08 

67.10 

18.11 

19. 

Mass. 

1.25 

1.11 

27.90 

27.05 

.26 

.69 

3.13 

60.55 

22.82 

20. 

Mich. 

2.79 

1.59 

19.40 

22.09 

.61 

,71 

3.54 

64.18 

22.37 

21. 

Minn. 

1.5S 

.80 

20,80 

18,53 

.39 

.92 

2 67 

63.66 

13.06 

22. 

Miss. 

.34 

.06 

4.60 

13.93 

.17 

.14 

3.95 

62.50 

7.36 

23. 

Mo. 

1.79 

1.54 

23.70 

19.01 

.45 

.45 

4 13 

59.17 

17.18 

24. 

Mont. 

2.25 

1.13 

18.20 

18.13 

.50 

1.86 

2 88 

70.18 

14.81 

25. 

Neb. 

2.10 

.56 

18.10 

15.54 

.51 

.75 

3.62 

65.69 

12.52 

26, 

Nev. 

5.74 

2.88 

34.60 

18.74 

1.04 

1.62 

3.33 

77.84 

10.32 

27. 

N. H. 

1.92 

.49 

19 90 

27.47 

.48 

.28 

3.70 

70.44 

15.66 

28. 

N. J. 

2.25 

1.20 

25.60 

30 69 

.50 

.88 

2.74 

68.03 

21.42 

29. 

N. M, 

.90 

.41 

11.40 

15.67 

.32 

.35 

3.59 

67.33 

13.43 

30. 

N. Y. 

2.61 

1.38 

49.50 

25.06 

.47 

1.32 

2.88 

63.84 

22.65 

31. 

N. C. 

.65 

.34 

8.50 

17.87 

.32 

.27 

3.82 

67 65 

15.68 

32. 

N. D. 

.75 

.23 

11.30 

13.22 

.22 

1.25 

2 63 

63.11 

12.76 

33. 

Ohio 

1.78 

1.60 

21.50 

24.00 

.41 

.80 

3 17 

65.95 

21.22 

34. 

Okla. 

1.54 

1.58 

11 90 

16.69 

.47 

.34 

4 60 

62.32 

17.69 

35. 

Ore. 

1.68 

2.51 

28.60 

21,66 

.35 

1.25 

3.25 

69.06 

15.91 

36. 

Pa. 

1.84 

.94 

17.80 

24.78 

.46 

1.06 

2.98 

63.70 

20.21 

37. 

R. I. 

2.04 

1.56 

22.10 

26.41 

.44 

.67 

3.68 

64.99 

23.19 

38. 

S. C. 

.58 

.43 

8.20 

19.43 

.33 

.22 

3.96 

68.40 

12.72 

39. 

S. D. 

.67 

.24 

11.20 

12.93 

.18 

.84 

3.16 

62.54 

13.79 

40. 

Tenn. 

.45 

.84 

10.60 

17.73 

.18 

.44 

3.91 

64.80 

14.14 

41. 

Tex. 

1.39 

1.21 

15.50 

17,06 

.39 

.24 

4.75 

63.08 

15.83 

42 

Utah 

2.53 

1.48 

16.00 

17.16 

.63 

.98 

3.11 

66.59 

16.90 

43. 

Yt. 

1.40 

.31 

17.40 

20.90 

.33 

.43 

2.77 

73.38 

10.42 

44. 

Va. 

1.00 

.84 

13.70 

19.50 

.40 

.52 

3.77 

65.53 

16.05 

45. 

"Wash. 

2.66 

2.43 

26.60 

21.47 

.55 

1.56 

3.30 

68.48 

17.75 

46. 

W. V. 

1.07 

.46 

10.20 

17.88 

.41 

.42 

2.98 

64.25 

17.09 

47. 

Wis. 

1.79 

.66 

17.70 

21.33 

.42 

.59 

2.91 

67.43 

16.03 

48. 

Wyo. 

2.85 

.73 

22.90 

17.56 

.62 

1.20 

3.65 

73.61 

12.22 
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per 10,00 

s 

1 

1 

IH 

S 

1 

s 

R 

s. 

1 

H 

■“i 
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1 

a"" 

SR 

Ford a 
10,000. 

u 

0 0 

1 

1 

I 

tn 

Estims 

month] 

homes. 


97 

99 

100 

101 

102 

103 

104 

106 

107 

1. Ala. 

67 

24 

330 

441 

77 

257 

213 

750 

$ 4.80 

2. Ariz. 

125 

61 

615 

1372 

199 

436 

440 

1052 

5.40 

3. Ark. 

62 

37 

281 

348 

63 

328 

216 

910 

5.10 

4. Calif. 

260 

241 

799 

2240 

304 

1245 

1473 

1278 

11.20 

5. Colo. 

164 

96 

803 

1611 

241 

1120 

974 

1270 

6.30 

6. Conn. 

234 

193 

819 

1447 

177 

1163 

1323 

1065 

12.60 

7. Del. 

160 

130 

588 

1140 

173 

797 

1137 

1266 

7.50 

8. Fla. 

125 

62 

522 

915 

168 

482 

396 

1048 

5.30 

9. Ga. 

66 

31 

364 

476 

84 

341 

222 

669 

4.90 

10. Idaho 

149 

10 

636 

1297 

193 

766 

736 

1339 

5.80 

11. lU. 

210 

188 

494 

1238 

173 

1417 

1406 

1157 

10.00 

12. Tnd. 

182 

112 

754 

1400 

215 

1111 

1085 

1466 

6.90 

13. loiwa 

161 

77 

1037 

1661 

260 

1453 

1249 

1380 

7.70 

14. Kan. 

162 

101 

969 

1408 

238 

1260 

1008 

1421 

6.20 

16. Ky. 

92 

62 

891 

698 

99 

546 

425 

1170 

5 30 

16. La. 

79 

63 

377 

622 

90 

405 

268 

789 

5.20 

17. Me. 

193 

52 

601 

1278 

178 

1228 

973 

1604 

6.40 

18. Md. 

169 

146 

445 

1088 

163 

722 

1012 

1278 

7.60 

19. Mass. 

407 

216 

402 

1222 

162 

1293 

1383 

1032 

13.00 

20. Mich. 

193 

146 

714 

1434 

213 

945 

1287 

1419 

9.50 

21. Minn. 

146 

97 

849 

1405 

225 

1126 

1119 

1366 

9.30 

22. Miss. 

86 

10 

282 

326 

61 

230 

126 

747 

4.50 

23. Mo. 

162 

108 

627 

991 

162 

996 

970 

1269 

6.80 

24. Mont. 

124 

39 

495 

1295 

179 

653 

808 

1328 

6,90 

26. Neb. 

144 

70 

990 

1480 

247 

1416 

1192 

1317 

8.20 

26. Nev. 

146 

82 

481 

1677 

205 

884 

866 

1269 

5.50 

27. N. H. 

210 

88 

528 

1390 

192 

1272 

1139 

1393 

7.10 

28. N. J. 

226 

223 

361 

1389 

174 

966 

1543 

1162 

16.00 

29. N. M. 

70 

27 

437 

816 

125 

288 

268 

1286 

4.30 

30 . N. y. 

237 

230 

293 

1131 

142 

1192 

1442 

912 

15.30 

31. N. C. 

67 

14 

438 

555 

99 

294 

227 

882 

5,10 

32. N. D. 

71 

22 

913 

1110 

202 

731 

870 

1196 

6.60 

33. Ohio 

197 

187 

667 

1677 

224 

1098 

1214 

1368 

9.80 

34. Okla. 

93 

99 

663 

981 

164 

662 

607 

930 

5.70 

36. Ore. 

204 

101 

648 

1184 

173 

1198 

1215 

1617 

6.80 

36. Pa. 

180 

167 

371 

1156 

163 

896 

1118 

1246 

8.90 

37. R. I. 

237 

194 

346 

1264 

161 

1058 

1376 

082 

11.20 

38. S. C. 

49 

14 

467 

468 

93 

216 

160 

640 

3.70 

89. S. D. 

91 

31 

907 

1363 

227 

936 

1028 

1190 

7.10 

40. Tenn. 

78 

29 

427 

642 

107 

486 

328 

1082 

5.30 

41. Tex. 

94 

92 

761 

970 

172 

682 

442 

959 

5.50 

42. Utah 

186 

43 

482 

1127 

161 

799 

938 

1870 

6.50 

43. Vt. 

182 

59 

439 

1339 

178 

1265 

1106 

1469 

6.90 

44. Va. 

90 

44 

486 

706 

119 

445 

398 

1124 

5.40 

46. "V^asb. 

218 

57 

636 

1436 

207 

1206 

1149 

1569 

7.30 

46. W. V. 

86 

102 

365 

868 

122 

406 

503 

974 

5.80 

47. Wia. 

178 

115 

617 

1877 

199 

1176 

1236 

1497 

10.00 

48. Wyo. 

116 

68 

663 

1658 

212 

701 

869 

1171 

6.20 
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117 

124 

125 

126 

127 

128 

129 

130 

131 

1. Ala. 

9.7 

3284 

109 

37 

333 

988 

24.0 

130 

68 

2. Ariz. 

9.3 

2654 

1559 

24 

870 

1132 

23.7 

L30 

118 

3. Ark. 

8 3 

2582 

94 

27 

281 

1028 

22.1 

123 

55 

4. Calif. 

5.6 

2284 

1122 

270 

4242 

1076 

14.7 

74 

58 

5. Colo. 

8.1 

2483 

848 

192 

3439 

1051 

18.1 

99 

81 

6. Conn. 

7.3 

4289 

2617 

603 

1871 

095 

17.2 

89 

67 

7. Del. 

8.0 

3564 

1189 

217 

0 

1035 

18.7 

102 

76 

8. Fla. 

10.6 

3260 

220 

98 

1859 

1010 

18.2 

91 

66 

9. Ga. 

10.6 

2966 

45 

63 

464 

973 

20.9 

111 

73 

10. Idaho 

6.7 

2804 

370 

— 

1769 

1143 

20.6 

124 

53 

11. HI. 

8.2 

3116 

1293 

482 

3266 

1031 

16.7 

82 

69 

12. Ind. 

7.4 

3422 

701 

77 

2198 

1026 

18.3 

100 

60 

13. Iowa 

6 3 

3394 

841 

52 

2000 

1032 

17.3 

96 

52 

14. Kan. 

7.1 

3132 

665 

27 

1819 

1045 

17.9 

99 

54 

15. Ky. 

10.6 

3008 

406 

62 

514 

1024 

22.6 

131 

66 

16. La. 

10.2 

3430 

1933 

71 

404 

994 

20.3 

106 

72 

17. Me. 

7.8 

2726 

1486 

97 

9819 

1013 

20.3 

120 

73 

18. Md. 

7.8 

3372 

1045 

454 

579 

1013 

18.5 

97 

77 

19. Mass. 

5.9 

4231 

2891 

526 

12127 

951 

17.3 

88 

59 

20. Mich. 

6.9 

2918 

1380 

195 

1871 

1084 

20.4 

108 

62 

21. Mlxm. 

6.7 

3610 

1316 

161 

2940 

1055 

18.6 

99 

61 

22. Miss. 

8.8 

2384 

95 

15 

264 

1000 

23.9 

129 

66 

23. Mo. 

8.6 

3309 

1175 

218 

2022 

1009 

17.1 

88 

61 

24. Mont. 

7.5 

1971 

884 

12 

1706 

1200 

18.5 

109 

61 

26. Neb. 

6.1 

8117 

817 

92 

1560 

1052 

19.6 

106 

50 

26. Nev. 

10.0 

1671 

720 


2137 

1403 

14.6 

86 

69 

27. N. H. 

6.3 

3469 

2055 

47 

9138 

992 

17.9 

102 

64 

28. N J. 

6.6 

3644 

2097 

610 

1195 

1010 

16.8 

84 

57 

29. N. M. 

8.6 

3637 

2844 

9 

582 

1074 

28.6 

166 

134 

30. N. Y. 

6.6 

3176 

1954 

1653 

2061 

1006 

17.1 

81 

59 

31. N. O. 

10.5 

3715 

17 

13 

355 

988 

24.1 

136 

77 

82. N. D. 

7.1 

3089 

983 

24 

619 

1119 

21.7 

132 

61 

33. Ohio 

6.8 

3265 

1079 

268 

2500 

1023 

17.7 

93 

62 

34. Okla. 

9.0 

1870 

151 

19 

3079 

1061 

17.7 

07 

60 

85. Ore. 

7.0 

2025 

454 

138 

4101 

1100 

14.1 

76 

46 

36. Pa. 

7.4 

3866 

1516 

429 

862 

1012 

19.6 

105 

66 

37. R. I. 

6.5 

4914 

3634 

372 

3729 

952 

17.7 

01 

64 

38. S. C. 

9.3 

3992 

36 

23 

168 

963 

23.3 

132 

85 

39. S. D. 

6.3 

3169 

1005 

6 

794 

1105 



54 

40. Tenn. 

10.1 

3027 

75 

77 

534 

994 

20Ti 

108 

73 

41. Tex. 

9.3 

2910 

650 

76 

743 

1038 

___ 

___ 

74 

42. Utah 

6.9 

5485 

229 

48 

1256 

1049 

25.4 

149 

55 

43. Vt. 

7.4 

3463 

1766 

40 

7726 

1039 

19.3 

117 

63 

44. Va. 

11.0 

3433 

106 

95 

366 

1008 

22.6 

127 

75 

45. Wash. 

6.4 

1969 

589 

89 

3619 

1121 

14.7 

79 

47 

46. W. V. 

10.5 

2457 

308 

31 

299 

1060 

24.0 

140 

74 

47. Wis. 

6.2 

3696 

1570 

114 

1832 

1058 

19.3 

106 

56 

48. Wyo. 

7.4 

2226 

636 


1710 

1238 

19.8 

111 

66 
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I 



q 

35- 



u 



'S 



1 

s? 

u ^ 

K 

sa 

u 

1 

o 

$ . 

ii 

o 

s 


1 

00.2 

% 

a . 
1| 

-§1 

|i 

Pa 

Median 

1930. 



o 




qS. 

Si 

sl 


132 

133 

134 

135 

136 

137 

140 

143 

144 

1. Ala. 

107 

154 

69 

101 

120 

204 

3.81 

61.1 

1.2 

2. Ariz. 

140 

90 

83 

80 

131 

157 

3.29 

60.0 

6.6 

3. Ark. 

92 

79 

157 

86 

153 

169 

3 61 

70.7 

1.2 

4. CaUf. 

116 

113 

17 

199 

137 

79 

2.77 

70.5 

21.6 

5. Colo. 

120 

73 

62 

153 

241 

136 

3.17 

78.7 

15.5 

6. Conn. 

105 

63 

8 

246 

121 

80 

3.45 

55.7 

42.4 

7. Del. 

135 

117 

46 

236 

111 

120 

3.28 

75.0 

11.9 

8. Fla. 

124 

290 

59 

145 

143 

192 

3.13 

63.6 

7.0 

9. Ga. 

112 

139 

140 

115 

117 

199 

3.75 

60.8 

0.9 

10. Idaho 

03 

40 

39 

148 

207 

114 

3.47 

85.1 

13.3 

11. ni. 

109 

63 

18 

246 

172 

90 

3.30 

68.1 

27.5 

12. Ind. 

119 

70 

34 

217 

158 

108 

3.23 

89.2 

7.1 

13. Iowa 

105 

61 

17 

217 

173 

90 

3.28 

86.1 

13.0 

14. Kan. 

106 

68 

23 

218 

176 

115 

3.26 

88.2 

7.4 

15. Ky. 

109 

70 

139 

135 

138 

185 

3.66 

88.3 

1.7 

16. La. 

111 

259 

121 

126 

149 

189 

8.61 

57.0 

3.4 

17. Me. 

136 

47 

31 

265 

161 

144 

3.24 

80.2 

19.5 

18. Md. 

127 

150 

45 

227 

115 

103 

3.47 

73.3 

10.8 

10. hlass. 

117 

39 

8 

251 

145 

108 

3.43 

56.8 

41.9 

20. Mich. 

103 

78 

15 

202 

162 

120 

3.37 

67.8 

28.8 

21. Minn. 

100 

55 

7 

208 

161 

90 

3.52 

68.8 

30.3 

22. Miss. 

112 

177 

102 

104 

131 

191 

3.56 

46.0 

0.7 

23. Mo. 

119 

79 

62 

217 

165 

113 

3.20 

86.1 

7.4 

24. Mont. 

101 

76 

33 

163 

226 

127 

3.16 

71.8 

25.1 

26. Neb. 

96 

49 

16 

224 

198 

106 

3.40 

81.5 

16.9 

26. Nev. 

131 

121 

30 

152 

311 

117 

2.50 

69.7 

21.1 

27. N. H. 

134 

26 

15 

267 

158 

114 

8.12 

71.6 

28.2 

28. N. J. 

105 

70 

12 

252 

142 

90 

3.47 

58 5 

36.4 

29. N. M. 

147 

120 

106 

80 

174 

246 

3.67 

76.5 

3.8 

30. N. Y. 

116 

88 

12 

287 

158 

96 

3.81 

55.6 

41.2 

31. N. O. 

103 

79 

51 

106 

97 

187 

4.24 

71.0 

0.6 

32. N. D. 

81 

20 

20 

176 

177 

110 

3.94 

63.0 

35.7 

33. Ohio 

112 

80 

24 

222 

150 

106 

3.28 

78.9 

16.6 

34. Okla. 

84 

58 

106 

99 

160 

123 

3.60 

87.3 

2.4 

35. Ore. 

107 

91 

22 

200 

152 

75 

2.92 

81.2 

17.5 

36. Pa. 

111 

69 

20 

243 

126 

116 

3.61 

71.1 

24.3 

37. R. I. 

114 

62 

9 

301 

151 

105 

3.47 

54.4 

44.0 

38. S. C. 

116 

153 

160 

109 

86 

239 

4.10 

53.3 

0.6 

39. S. D. 

91 

17 

30 

180 

180 

99 

3.64 

76.5 

20.5 

40. Tenn. 

109 

117 

117 

108 

136 

153 

3.70 

78.9 

1.0 

41. Tex. 

99 

101 

102 

120 

154 

144 

3.53 

71.6 

3.4 

42. Utah 

93 

28 

25 

152 

245 

113 

3.86 

79.6 

18.2 

43. Vt. 

129 

21 

14 

267 

178 

124 

3.23 

81.8 

18.1 

44. Va. 

120 

139 

61 

149 

110 

158 

3.82 

71.4 

2.0 

45. Wash. 

106 

105 

19 

201 

147 

91 

3.00 

73.0 

25.0 

46. W. V. 

100 

97 

112 

124 

134 

134 

3.95 

87.0 

6.0 

47. Wis. 

103 

49 

9 

219 

155 

94 

3.47 

74.2 

25.1 

48. Wyo. 

89 

40 

86 

131 

259 

139 

3.18 

79.1 

16.2 
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% 

1 



g 




X 



% 


d 

mi 




of bojs 1( 
nployed. 


■1 

§ 

1 

2 

B 

i 

per million 

per 10 millio 

Pi 

F., per 10 

per million. 


o V 

If 

Percentage 
gainfully eo 

Married w 
per 10.000. 

Wage earn 
per 10,000. 

Clergy, M., 

Clergy, P., 


Physicians, 

miUion. 

Nurses. M. 


153 

154 

155 

156 

162 

163 

164 

165 

166 

1. Ala. 

22.6 

12.3 

321 

454 

1264 

129 

813 

45 

20 

2. Ariz. 

4.2 

2.1 

282 

241 

099 

252 

1084 

184 

37 

3. Ark. 

17.1 

7.8 

205 

238 

1219 

221 

1081 

156 

11 

4. Calif. 

1.8 

0.4 

351 

512 

987 

642 

1565 

1540 

118 

5. Colo. 

4.8 

1.4 

250 

316 

1245 

602 

1554 

888 

41 

6. Conn. 

3.2 

2.8 

255 

1577 

963 

162 

1201 

510 

35 

7 Del. 

2.6 

1.4 

266 

981 

1443 

168 

1170 

336 

12 

8. Fla. 

10.2 

3.9 

394 

442 

2018 

558 

1202 

306 

40 

9. Ga. 

20.6 

8.8 

390 

544 

1354 

182 

962 

148 

15 

10. Idabo 

3.1 

0.4 

171 

352 

975 

652 

843 

180 

22 

11. lU. 

2.0 

0.9 

250 

901 

1062 

262 

1398 

918 

54 

12. Ind. 

2.2 

0 4 

222 

970 

1342 

510 

1208 

466 

28 

13. Iowa 

4.1 

0.6 

163 

335 

1456 

365 

1213 

486 

17 

14. Kan. 

3.2 

0.6 

185 

250 

1648 

569 

1123 

394 

23 

15. Ky. 

9.8 

1.6 

160 

291 

1221 

218 

1065 

229 

26 

16. La. 

13.5 

6.6 

308 

417 

1186 

152 

943 

228 

9 

17. Me. 

1 6 

0 7 

267 

873 

1174 

502 

1141 

414 

43 

18. Md. 

4.7 

2.5 

287 

805 

1369 

215 

1468 

613 

89 

19. Mass. 

2.8 

2.0 

262 

1315 

967 

181 

1375 

1001 

88 

20. Midi. 

1.9 

0.6 

236 

1094 

906 

271 

1090 

426 

51 

21. Minn. 

2.9 

0.7 

152 

899 

1291 

191 

1187 

647 

60 

22. Miss. 

30.7 

18.8 

464 

259 

1283 

115 

750 

100 

5 

23. Mo. 

5.8 

1,5 

229 

555 

1362 

370 

1473 

466 

47 

24. Mont. 

3.3 

0.6 

181 

254 

1036 

279 

902 

260 

28 

25. Neb. 

8.4 

0.5 

171 

205 

1599 

385 

1244 

508 

25 

26. Not. 

3.0 

0.4 

262 

242 

835 

330 

1548 

439 

0 

27. N. H. 

1.4 

1.2 

329 

1399 

1326 

473 

1002 

774 

32 

28. N. J. 

2.2 

2.4 

250 

1090 

986 

104 

1079 

494 

49 

29. N. M. 

5.0 

1.9 

178 

106 

1070 

94 

872 

260 

26 

80. N. Y. 

1.9 

1.8 

259 

875 

987 

141 

1502 

857 

75 

31. N. C. 

15.1 

7.2 

294 

655 

1302 

186 

721 

120 

9 

32. N. D. 

4.6 

0.9 

107 

59 

1463 

220 

726 

206 

7 

33. Ohio 

1.7 

0.4 

229 

1106 

1103 

318 

1207 

540 

38 

34. Okla. 

5.5 

1.2 

192 

130 

1318 

438 

1032 

296 

8 

35. Ore. 

3.0 

0.8 

311 

687 

1279 

828 

1292 

975 

44 

36. Fa. 

2 0 

2.1 

173 

1047 

1143 

156 

1210 

641 

50 

37. B. T. 

3.1 

3.0 

286 

1816 

924 

175 

1091 

451 

71 

38. S. C. 

23.0 

18.6 

441 

624 

1410 

104 

715 

132 

12 

39. S. D. 

4.0 

0.6 

134 

04 

1631 

289 

838 

260 

9 

40. Tenn. 

12.2 

8.5 

248 

485 

1322 

183 

1136 

191 

32 

41. Tex. 

10.1 

4.4 

243 

226 

1394 

261 

1069 

308 

25 

42. Utah 

3.1 

0.5 

136 

308 

413 

118 

967 

315 

22 

48. Vt. 

2.6 

1.0 

219 

767 

1804 

222 

1251 

612 

39 

44. Va. 

7.3 

2.0 

243 

489 

1383 

182 

987 

169 

21 

45. Wash. 

2.6 

0.6 

276 

738 

1151 

608 

1201 

698 

33 

46. W. V, 

2.7 

0.8 

139 

488 

1144 

208 

698 

225 

24 

47. WIs. 

3.2 

0.7 

162 

898 

1126 

186 

993 

316 

21 

48. Wyo. 

3.7 

1.0 

214 

279 

856 

899 

944 

399 

0 
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167 

168 

169 

171 

172 

173 

174 

177 

178 

1. Ala. 

100 

176 

1596 

1166 

646 

147 

338 

242 

19 

2. Ariz. 

243 

417 

966 

1869 

762 

677 

662 

338 

46 

3. Ark 

86 

143 

960 

1702 

501 

194 

376 

208 

16 

4. CaUf. 

398 

720 

1088 

1673 

733 

1517 

1381 

938 

275 

5. Colo. 

278 

303 

1046 

1843 

910 

724 

987 

727 

68 

6. Conn. 

398 

310 

1337 

1280 

747 

800 

633 

586 

75 

7. Dol. 

213 

321 

1848 

1099 

613 

394 

524 

420 

84 

8. Fla. 

189 

442 

2363 

1149 

652 

665 

654 

466 

27 

9. Ga. 

133 

203 

2062 

959 

590 

180 

394 

312 

34 

10. Idaho 

166 

219 

626 

2656 

892 

440 

668 

635 

67 

11. lU. 

253 

304 

1280 

1449 

639 

910 

792 

769 

143 

12. Ind. 

171 

166 

963 

2303 

624 

454 

661 

674 

71 

18. Iowa 

227 

126 

1011 

1612 

1064 

478 

669 

688 

36 

14. Kan. 

184 

174 

896 

2237 

979 

462 

644 

663 

53 

16. Kj. 

104 

169 

972 

1661 

621 

257 

394 

326 

38 

16. La. 

138 

229 

2046 

979 

670 

416 

339 

361 

86 

17. Me. 

282 

229 

1263 

1496 

826 

461 

742 

620 

88 

18. Md. 

310 

348 

2077 

1236 

676 

651 

484 

603 

18 

19. Mass. 

423 

362 

1420 

1662 

763 

948 

900 

793 

160 

20. ISlich. 

236 

232 

1108 

1442 

674 

637 

697 

509 

76 

21. Minn. 

328 

216 

1314 

1424 

910 

622 

721 

767 

113 

22. Miss. 

80 

161 

1380 

1271 

659 

124 

269 

216 

0 

23. Mo. 

187 

283 

1204 

1648 

647 

637 

630 

670 

102 

24. Mont. 

253 

287 

877 

1787 

1064 

472 

644 

534 

56 

25. Neb. 

220 

166 

967 

1708 

1081 

674 

748 

708 

58 

26. Nev. 

221 

806 

918 

2120 

813 

944 

725 

670 

329 

27. N. n. 

357 

249 

1246 

1671 

812 

622 

720 

481 

150 

28. N. J. 

262 

363 

1408 

1254 

696 

880 

605 

577 

106 

29. N. M. 

120 

278 

911 

2223 

739 

361 

383 

234 

24 

30. N. Y. 

330 

613 

1663 

1366 

687 

1667 

826 

747 

239 

31. N. O. 

139 

207 

1390 

1269 

639 

159 

292 

242 

32 

32. N. D. 

211 

123 

1095 

2409 

1190 

308 

367 

462 

29 

33. Ohio 

230 

207 

1193 

1699 

633 

665 

707 

677 

95 

34. Okla. 

112 

220 

841 

2206 

704 

363 

456 

329 

71 

36. Ore. 

288 

407 

1048 

1749 

874 

795 

1367 

Oil 

147 

36. Pa. 

269 

212 

1326 

1630 

630 

656 

607 

602 

118 

37. R. I. 

290 

317 

1212 

1048 

664 

258 

800 

543 

116 

38. S. C. 

118 

188 

1762 

1180 

666 

88 

299 

224 

0 

39. S. D. 

185 

98 

871 

2209 

1195 

401 

488 

498 

14 

40. Tenn. 

133 

242 

1467 

1614 

572 

265 

438 

309 

50 

41. Tex. 

137 

294 

1226 

1678 

683 

454 

667 

336 

60 

42. Utah 

191 

223 

661 

3064 

718 

768 

706 

640 

20 

43. Vt. 

294 

184 

1520 

1084 

884 

346 

712 

414 

139 

44. Va. 

190 

260 

1677 

1028 

672 

237 

371 

320 

37 

46. Wash. 

290 

464 

987 

1903 

756 

916 

1117 

854 

179 

46. W. V. 

142 

147 

896 

2733 

676 

216 

818 

387 

23 

47. Wis. 

213 

141 

1056 

1664 

741 

610 

524 

722 

82 

48. Wyo. 

196 

360 

818 

2199 

1086 

372 

603 

479 

0 
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11 
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Female/m 
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teachers. 
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Residents 
Who for 1 

Residents 
Who for 

fs 

ll 

rSg 
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“a 

II 

Average 

workers 

plants. 
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207c 

207d 

208 

209 

235 

211 

220 

223 

233 

1. AlSk. 

.38 

.40 

105 

44 

1.9 

34 

$1071 

$ 792 

8 

2. Ariz. 

.36 

.27 

253 

76 

3.4 

248 

1341 

1351 

22 

3. Ark. 

.33 

.26 

74 

33 

1.6 

23 

1073 

825 

6 

4. Calif. 

.61 

.54 

318 

103 

10.7 

267 

1455 

1491 

50 

5. Colo. 

.50 

.49 

315 

192 

4.7 

179 

1249 

1262 

27 

6. Conn. 

.55 

.51 

539 

319 

8.4 

243 

1429 

1172 

44 

7. Del. 

.36 

.49 

315 

197 

6.3 

802 

1218 

1165 

38 

8. Fla. 

.34 

.27 

174 

46 

6.3 

96 

1121 

764 

19 

9. Ga. 

.41 

.33 

133 

47 

2.0 

40 

1020 

664 

10 

10. Idaho 

.42 

.41 

180 

76 

2.1 

88 

1309 

1318 

15 

11. lU. 

.42 

.51 

261 

152 

9.6 

149 

1438 

1361 

40 

12. Ind. 

.40 

.50 

138 

83 

3.8 

91 

1206 

1212 

19 

13. Iowa 

.60 

.65 

149 

79 

3.0 

119 

1164 

1188 

15 

14. Kan. 

.45 

.59 

138 

85 

2.8 

94 

1165 

1275 

17 

16. Ky, 

.38 

.33 

118 

68 

2.8 

49 

1103 

1054 

11 

16. Da. 

.38 

.47 

92 

55 

3.7 

90 

1022 

902 

15 

17. Me. 

.69 

.56 

285 

222 

5.0 

104 

1174 

1019 

22 

18. Md. 

.40 

.30 

354 

196 

8.8 

274 

1170 

1068 

41 

19. Mass. 

.68 

.51 

488 

416 

9.1 

254 

1315 

1169 

48 

20. Mich. 

.42 

.56 

122 

60 

5.4 

112 

1459 

1406 

29 

21. Minn. 

.67 

.63 

199 

94 

3.4 

134 

1228 

1216 

21 

22. Miss. 

.37 

.35 

60 

31 

1.1 

22 

1017 

732 

6 

23. Mo. 

.39 

.45 

195 

105 

5.3 

112 

1200 

1123 

22 

24. Mont. 

.48 

.41 

203 

86 

2.4 

121 

1398 

1476 

19 

25. Neb. 

.49 

.56 

182 

105 

3.7 

103 

1193 

1268 

19 

26. Nev. 

.32 

.27 

494 

187 

5.8 

329 

1593 

1621 

42 

27. N. H. 

.64 

.63 

417 

337 

5.7 

189 

1177 

1027 

29 

28. N. J. 

.34 

.36 

251 

158 

10.6 

165 

1483 

1291 

46 

29. N. M. 

.33 

.29 

248 

73 

1.8 

142 

1159 

1251 

15 

30. N. Y. 

.45 

.35 

463 

311 

12.8 

264 

1506 

1398 

65 

31. N. C. 

.44 

.33 

128 

44 

1.8 

67 

1116 

716 

8 

32. N. D. 

.50 

.62 

125 

60 

1.4 

69 

1203 

1402 

12 

33. Ohio 

.41 

.44 

171 

97 

6.1 

134 

1341 

1329 

28 

34. Okla. 

.34 

.23 

113 

28 

2.7 

56 

1212 

1234 

13 

86. Ore. 

.54 

.55 

195 

70 

6.6 

128 

1308 

1225 

23 

36. Pa. 

.41 

.73 

194 

182 

7.1 

136 

1257 

1223 

31 

37* Hr. 1. 

.61 

.56 

342 

242 

7.6 

163 

1281 

1076 

35 

38. S. C. 

.46 

.35 

119 

45 

1.2 

40 

1019 

629 

7 

39. S. D. 

.43 

.47 

182 

69 

1.6 

42 

1181 

1216 

13 

40. Tenn. 

.39 

.33 

168 

72 

2.8 

63 

1078 

852 

12 

41. Tex. 

.38 

.30 

89 

29 

3.7 

67 

1161 

1096 

18 

42. Utah 

.39 

.54 

213 

102 

4.0 

144 

1272 

3213 

22 

43. Vt. 

.60 

.46 

364 

281 

4.8 

117 

1197 

1175 

23 

44. Va. 

.43 

.32 

202 

99 

2.8 

111 

1136 

936 

15 

45. Wash. 

.61 

.69 

196 

76 

5.8 

100 

1369 

1290 

36 

46. W. V. 

.34 

.43 

120 

40 

3.1 

60 

1259 

1247 

15 

47. Wls. 

.43 

.83 

145 

79 

4.2 

119 

1311 

1180 

32 

48. Wyo. 

.41 

.37 

276 

129 

4.6 

102 

1400 

1639 

28 


THORNDIKE: AMERICAN CITIES AND STATES 


235 


Table 2 — {continued) 



1 


i 


per 



1 

per 

SI 

•2 


i* 


& 






1 



I 


1 

■S 

1 


o 

n 

1 

Percentage of total 
expenditures spent 
libraries. 


Y.M.C.A.. memh< 
1000. 

y.M.C.A., net prc 
value, per 1000. 

y.M.C.A., annua 
tures, per 1000. 

Deaths fi*om hoi 
year, per million. 

Deaths fh)m su 
year, per million. 

§ - 

IE 

II 

il 

Membership in th 
Scouts, per 10,00( 

Membership’in Ei 
100.000. 

Membership in R 
100.000. 


Used to compute 248 

241 

242 

243 

249 

251 

252 

261 

1. Ala. 

5.9 

$ 601 

$ 147 

217 

74 

183 

29.2 

53 

46 

.01 

2. Ariz. 

8.2 

989 

345 

135 

168 

362 

74.4 

103 

173 

.03 

3. Ark. 

1.4 

49 

50 

167 

68 

158 

25.1 

31 

94 

.01 

4. Calif. 

S.7 

1548 

425 

71 

272 

405 

188.9 

117 

141 

.02 

6. Colo. 

0.4 

1101 

499 

78 

205 

282 

57.8 

88 

126 

.00 

6. Conn. 

18.8 

4805 

851 

27 

170 

275 

92.8 

58 

109 

.07 

7. Del. 

12,1 

5592 

1027 

88 

148 

327 

38.7 

92 

150 

.02 

8. Fla. 

3.3 

797 

148 

271 

146 

353 

108.2 

140 

144 

.00 

9. Oa. 

6.8 

703 

144 

199 

101 

206 

16.9 

81 

49 

.01 

10. Idaho 

5.5 

467 

195 

39 

153 

224 

126.9 

156 

174 

.01 

11. 111. 

8.0 

2533 

799 

102 

172 

278 

103.7 

67 

83 

.03 

12. Ind. 

12.0 

1690 

551 

66 

191 

340 

74.2 

136 

108 

.03 

13. Iowa 

7.6 

1078 

303 

28 

196 

212 

59.1 

83 

136 

.05 

14. Kan. 

6.6 

841 

256 

63 

157 

260 

67.4 

91 

151 

.03 

15. Ky. 

5.9 

710 

328 

186 

113 

180 

27.7 

52 

74 

.01 

16. La. 

2.5 

443 

98 

194 

89 

184 

35.9 

30 

53 

.02 

17. Me. 

18. Md. 

6.2 

1904 

306 

19 

150 

207 

74.1 

117 

180 

.04 

7.3 

1041 

398 

84 

168 

268 

37.2 

34 

68 

.02 

19. Mass. 

12.6 

2872 

863 

20 

135 

188 

83.3 

76 

101 

.02 

20. Mich. 

7.8 

2056 

526 

64 

167 

292 

97.2 

63 

91 

.01 

21. Minn. 

6.1 

1183 

418 

30 

162 

222 

74.0 

81 

58 

.02 

22. Miss. 

4.2 

631 

92 

227 

53 

149 

26.4 

38 

88 

.01 

23. Mo. 

6.2 

1209 

343 

112 

182 

215 

46.0 

50 

63 

.01 

24. Mont. 

10.0 

1776 

287 

87 

225 

221 

75.7 

195 

161 

.01 

25. Neb. 

6.9 

872 

340 

34 

177 

208 

66.2 

84 

119 

.02 

26. Nev. 

0 

0 

0 

201 

410 

569 

82.1 

134 

304 

.02 

27. N. H. 

15.8 

1765 

606 

15 

167 

221 

41.3 

82 

241 

.03 

28. N. J. 

12.9 

2822 

693 

50 

164 

297 

107.7 

87 

93 

.02 

29. N, M. 

2.1 

331 

68 

135 

124 

258 

63.2 

99 

100 

.00 

30 . N. y. 

10.1 

2671 

684 

67 

184 

240 

104.4 

41 

71 

.01 

31. N O. 

6.9 

838 

160 

113 

82 

209 

27.5 

86 

77 

.02 

32. N. D. 

2.9 

498 

127 

17 

101 

140 

56.8 

114 

77 

.01 

33. Ohio 

14.2 

2145 

844 

85 

174 

322 

66.8 

121 

98 

.01 

84. Okla 

4.2 

415 

137 

111 

97 

193 

60.4 

102 

124 

.01 

35. Ore. 

9.0 

1552 

532 

44 

234 

270 

93.7 

160 

116 

.03 

36. Pa. 

12.3 

2276 

637 

50 

145 

241 

76.8 

73 

90 

.01 

37. R. I. 

9.5 

2313 

533 

21 

117 

183 

74.0 

23 

43 

.04 

38. S. C. 

6.0 

367 

115 

146 

66 

202 

31.3 

47 

56 

.01 

39. S. D. 

4.5 

888 

202 

19 

118 

168 

56.1 

137 

87 

.02 

40. Tenn. 

4.2 

685 

184 

102 

106 

105 

51.0 

53 

62 

.01 

41. Tex. 

4.0 

562 

149 

166 

124 

231 

63.9 

58 

120 

.00 

42. Utah 

0 

0 

0 

44 

104 

276 

228.3 

117 

105 

.00 

43. Vt. 

4.5 

884 

246 

14 

163 

198 

77.3 

4 

263 

.03 

44. Va. 

8.7 

1009 

343 

125 

123 

233 

61.0 

85 

97 

.02 

45. Wash. 

10.6 

1426 

469 

61 

247 

294 

87.3 

191 

135 

.01 

46. W. V. 

4.9 

542 

307 

125 

109 

212 

76.2 

110 

108 

.01 

47. Wis. 

7.1 

1094 

387 

26 

174 

247 

70.1 

116 

103 

.05 

48. Wyo. 

1.4 

0 

17 

92 

223 

355 

129.0 

84 

128 

.02 
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Composite Scores 

For each city and each state three weighted composite scores G, I, 
and P have been computed which may be used as indices respectively 
of the general goodness of life for good people in the community in 
question, the per capita income of its residents, and their personal 
qualities of intelligence, morality and care for their families. These 
G, I, and P scores are based upon 37, 10, and 11 items respectively, as 
listed below. 


CONSTITUENTS OF THE G SCORE 


Approximate 
Weight for 

Item Items oe Health Cities States 

131. Infant death-rate reversed 12 13 

132. General death-rate reversed 9 9 

134, Typhoid death-rate reversed 6 5}^ 

136. Appendicitis death-rate reversed 4 Z}4 

137. Puerperal diseases death-rate reversed 4 53^ 


Items of Education 

63. Per capita public expenditures for schools 

54. Per capita public expenditures for teachers' salaries 

55. Per capita public expenditures for textbooks and supplies. . 

56. Per capita public expenditures for libraries and museums. . 

21 . Percentage of persons sixteen to seventeen attending schools 

22. Percentage of persons eighteen to twenty attending schools 

23. Average salary, high-school teacher 

24. Average salary, elementary-school teacher 


Items of Eecbeation 

67. Per capita public expenditures for recreation 7 7J^ 

17. Per capita acreage of public parks 2}^ 2 

Economic and ‘‘Social” Items 

107. Rarity of extreme poverty 6 

108. Rarity of less extreme poverty 6 6H 

153. Infrequency of gainful employment for boys 19-14 5 4}^ 

154. Infrequency of gainful employment for girls 10-14 63^ 6H 

223. Average wage of workers in factories 4 4 

106. Frequency of home ownership (per capita number of homes 

owned) 6 6 

248. Per capita support of the Y. M. C. A 6 6 

201. Excess of physicians, nurses, and teachers over male do- 
mestic servants 6 6 


8 

6 

7 

7 

3H\ 


8 

7 

8 
6 

714 

7H 
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Item 

98. 

99. 
102 . 

103. 

104. 


31. 

25. 


26. 

133. 

241. 

243. 

12 . 

16. 

11 . 


Approximate 
Weight for 

Cbeatubb Comforts Cities States 

Per capita domestic installations of electricity 5 5M 

Per capita domestic installations of gas 7 7 

Per capita number of automobiles 4 5 

Per capita domestic installations of telephones 11 10 

Per capita domestic installations of radios 6H 

Other Items 

Percentage of literacy in the total population 3H 4 

Per capita circulation of Better Homes and Gardens, Good 
Hou^eeping and the National Geographic Magazine. . 6 6 

Per capita circulation of the Literary Digest 6 6M 

Death rate from syphilis (reversed) 4 4 

Death rate from homicide (reversed) 3H 

Death rate from automobile accidents (reversed) 4H 3M 

Per capita value of asylums, schools, libraries, museums, 

and parks owned by the public 6 6 

Ratio of value of schools, etc., to value of jails, etc 10* 3 

Per capita public property minus public debt 5 6 


After the 37 scores were multiplied by amounts such as to make 
their standard deviations be proportional to the numbers listed above 
as approximate weights, the sum for each city (called G3) was com- 
bined with a score (Gl) which was computed by subtracting the num- 
ber of features among the 37 in which that city was below the median 
of the 295 cities from the number in which it was above the median of 
the 295. t G3 and Gl had relative weights of approximately 2 and 1 
respectively in the final G score. 

In the states the constituents of G were the same except that items 
23 and 24 were replaced by item 24a, the average salary of all teachers 
and supervisors. Item 24a was given approximately as much weight 
in states as items 23 and 24 together had in cities. 

It should be kept in mind that Items 11, 12, 16, 56, and 57 are for a 
state’s own property, debt, and expenditures, not for these plus those 
of the smaller governmental units within its boundaries. These items 


* The weight given item 16 Is much too high, hut the harm done is inappreciable. The 
error, of multiplying by 2 instead of dividing by 2, was discovered only after most of the cor- 
relations had been computed. Changes in them would be inappreciable, since the correlation 
between the G in which Item 16 has a weight of only 2 H and the G as used is almost 1.00. 

t In computing the standard deviationa of the constituents of G, I, and P. the influence of 
extreme and possibly erroneous measures was minimized by taking as the standard deviation, 
one half the distance along the scale required to exclude 47 cities or 8 states at each extreme. 

In the case of four very extreme state scores (expenses of recreation for Connecticut and for 
Wyoming; park acreage for Connecticut and park acreage for Arizona). I have reduced the 
weight in the composite to half what it would be if the scores weace taken at their face value. 
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are consequently not so significant for welfare as the corresponding 
items for cities. Item 53 for states does include all governmental 
units, but is the per capita expenditures for schools including expendi- 
tures for building (average of 1930 and 1932 from p. 114 of the Statisti- 
cal Abstract of the United States for 1935). The figures which would 
be strictly comparable with item 53 in cities are not available for 
states. 

CONSTITUENTS OF THE I SCORE 
After the investigation reported in the Journal of the American 
Statistical Association (Sept. ’37, vol. 32, pp. 471-479) and some 
further work, the following items and weights were chosen for final use: 



Standard 

Deviation 

Multi- 

plier 

Weight 

Approx. 

Beiative 

Weights 

Income-tax returns (over $2,500) 

. .. 12.7 

3 

38.1 

15 

Income-tax returns (over $5,000) 

. .. 5.8 

3 

17.4 

7 

Average wages: teachers 

... 7.6 

1 

7.6 

3 

Average wages: retail store employees . 

. . . 13.5 

1 

13.5 

5 

Average wages; factory employees. . . . 

. .. 8.3 

2 

16.6 

6 

Expenditures: rent (or equivalent) . . . . 

... 3.95 

2 

7.9 

3 

Expenditures: food store sales 

... 5.9 

2 

11.8 

4 

Expenditures: cigar store sales 

... 5.3 

a 

2.65 

1 

Expenditures: drug store sales 

... 5.7 

a 

2.85 

1 


The resulting I score or index for each city is shown in Table 3. 
That it is positively and closely correlated with the real incomes is 
obvious from the cities which stand at the top and bottom of the list. 
They are: 


The Ten Highest Cities in I 


The Ten Lowest Cities in I 


Evanston, 111 

35 

Pensacola, Fla 

-11 

Oak Park, 111 

39 

Augusta, Ga 

-14 

Brookline, Mass 

36 

Columbus, Ga 

-15 

Newton, Mass 

24 

Macon, Ga 

-13 

Montclair, N. J 

36 

Paducah, Ky 

-11 

Plainfield, N. J 

24 

Meridian, Miss 

-13 

Mt. Vernon, N. Y. 

30 

Wilmington, N. C 

-11 

New Rochelle, N. Y 

30 

Charleston, S. C 

-13 

White Plains, N. Y 

36 

Laredo, Tex 

-19 

Cleveland Hts., 0 

30 

Portsmouth, Va 

-11 


The first five items are directly related to income and represent 
levels of it from high to low. The last four are measures of expendi- 
tures, and so, indirectly, of income. They were chosen to represent the 
expenditures of residents rather than non-reridents, and of a fair 
sampling of all income levels. The list has one notable weakness, in 
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that the expenditures are such as respectable people make for respect- 
able purposes. The expenditures for prostitutes, gambling, forbidden 
drugs, intoxicants, and more or less disreputable entertainment in 
these cities could not be estimated. This weakness acts as a factor of 
safety in the case of some of our most important conclusions. 

The standard deviations, multipliers and consequent weights used 
for the states were as follows: 


Income tax returns (over $2500) 

Vari- 

ation 

4.5 

Multi- 

plier 

15 

Weight 

67.5 

Approx. 

Weights 

15 

Income tax returns (over $5000) 

2.75 

10 

27.5 

7 

Average wages: teachers and supervisors. . 

3.75 

4 

15.0 


Average wages: retail store employees 

13.75 

2 

27.5 

7 

Average wages: factoiy employees 

9.5 

3 

28.5 

7 

Expenditures: rent (or equivalent) 

3.75 

4 

15.0 

33^ 

Expenditures: food-store sales 

6.25 

3 

18.75 


Expenditures: cigar-store sales 

4.5 

1 

4.5 

1 

Expenditures: drug-store sales 

4.0 

1 

4.0 

1 


CONSTITUENTS OF THE P SCORE 


The personal qualities index, P, is a weighted composite of the devia- 
tions from the median in the items listed below, the weights being 
approximately as stated. 



Standard 

Deviation 

Multi- 

plier 

Weight 

Approx. 

Weights 

Item 

30. 

Per capita number of graduates from 
public high schools in 1934 

4.5 

4 

18.0 


261. 

Percentage which public expendi- 
tures for the maintenance of libraries 
was of the total 

4.2 

2 

8.4 

2 

31. 

Percentage of illiteracy (reversed) . . 

10.3 

1 

10.3 

234 

33. 

Percentage of illiteracy among those 
aged 15-24 (reversed) 

11.4 

1 

11.4 

3 

41. 

Per capita circulation of public li- 
braries 

3.2 

C 

19.2 

5 

106. 

Per capita number of homes owned. 

3.0 

6 

18.0 

4J4 

201. 

Per capita number of physicians, 
nurses and teachers minus male 
domestic servants 

3.0 

5 

15.0 

4 

103. 

Per capita number of telephones 

3.8 

3 

11.4 

3 

207d. 

Number of male dentists divided by 
number of male lawyers 

4.0 

2 

8.0 

2 

133. 

Per capita number of deaths from 
syphilis (reversed) 

6.1 

2 

12.2 

3 

241. 

Per capita number of deaths from 
homicide (reversed) 

12.0 

1 

12.0 

3 
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The standard deviations, multipliers and consequent weights used 
for the states were: 


Approx. 


Item 

Variability 

Multiplier 

Weight 

Weight 

30. 


12 

63 

5 

261. 

1 

25 

25 

2 

31. 

20 

2 

40 

2% 

33. 

54 

0.8 

43 

2^ 

41. 

data not available 



106. 


25 

63 

5 

201. 

2 

25 

50 

4 

103. 


10 

43 

2H 

207d. 


10 

25 

2 

133. 


12 

39 

2% 

241. 

9 

5 

45 

2H 


G, I. AND P SCORES FOR EACH CITY AND EACH STATE 

Table 3 presents the three scores (for general goodness of life, per 
capita income, and personal qualities) of each city. Table 4 presents 
similar, but not strictly comparable, scores for each state. The scores 
of Table 3 are deviations from the status of the median city. The 
scores of Table 4 are deviations from the status of the median state; 
and the relative weights of the items in the composites are not abso- 
lutely the same for states as for cities, though they are approximately 
so. 

The comparison of the goodness of life in any state with that in any 
city would in any case be difficult because the conditions are different. 
The entries of Table 4 should not be compared with those of Table 
3. It is however true that the lowest states in G are lower than the 
lowest cities in G, and that the highest states are not nearly so high 
as the highest cities. 

Comparisons between one state and another are not so safe as com- 
parisons between one city and another because the states differ more 
among themselves in the character of life, the cost of living and other 
respects, than cities of 30,000 to 500,000 population do. 

The plus and minus G scores of Table 3 may be interpreted as 
follows: If a city had as low a score in each of the 37 traits as the 
lowest city in that trait had, it would score about — 38. If a city had 
as high a score in each of the 37 traits as the highest city in that trait 
had, it would score about + 46. The difference between the two 
would be about 84. The difference between the median city and 
Pasadena is three-tenths of this, and the difference between the median 
city and the lowest four or five is one-fourth of it. Consider a city in 
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Table 3 — (conUtmed) 



Gen- 


Per- 


Gen- 


Per- 


era! 


sonal 


eral 


sonal 


Good- 

In- 

Quali- 


Good- 

In- 

Quali- 


ness 

come 

ties 


ness 

come 

ties 


G 

I 

P 


G 

I 

P 

Califobkia — Cont. 




Illinois — Cont. 




Santa Ana 

12 

7 

8 

Quincy 

- 5 

- 5 

5 

Santa Barbara. . 

17 

21 

14 

Rockford 

6 

4 

8 

Santa Monica . . 

16 

10 

9 

Rock Island. . . 

3 

- 7 

7 

Stockton 

8 

8 

12 

Springfield. . . . 

- 2 

0 

5 





Waukegan. . . 

7 

11 

6 

COLOBADO 








Colorado Springs 

12 

7 

15 

Indiana 




Denver 

6 

4 

4 

Anderson 

1 

- 9 

0 

Pueblo 

- 1 

- 9 

- 1 

E. Chicago. . . . 

- 6 

- 1 

-15 





Elkhart 

5 

— 1 

10 

Connecticut 




Evansville. . . . 

- 5 

- 7 

0 

Bridgeport 

1 

1 

- 1 

Fort Wayne. . . 

6 

1 

7 

Hartford 

7 

10 

- 4 

Gary 

- 2 

6 

- 9 

Meriden 

0 

2 

3 

Hammond. . . . 

1 

- 2 

1 

New Britain. . . . 

1 

1 

- 9 

Indianapolis. . . 

- 1 

1 

4 

New Haven .... 

4 

4 

0 

Kokomo 

~ 3 

- 9 

0 

Norwalk 

- 4 

6 

- 2 

Munde 

- 2 

- 3 

5 

Stamford 

5 

14 

1 

Richmond 

4 

- 3 

4 

Waterbury 

1 

2 

- 4 

South Bend . . . 

3 

1 

3 





Terre Haute. . . 

1 

- 3 

4 

DeXiAWABE 




Iowa 




'Wilmington .... 

- 1 

6 

- 6 







Cedar Rapids. . 

7 

- 8 

13 

Distbict of Columbia 



Council Bluffs. . 

1 

- 4 

11 





Davenport .... 

4 

- 1 

8 

Elobzda 




Des Moines . . . 

7 

0 

9 

Jacksonville .... 

-12 

- 6 

-26 

Dubuque 

0 

- 5 

15 

Pensacola 

-16 

-11 

-17 

Sioux City .... 

0 

- 2 

5 

Tampa 

- 7 

- 8 

-16 

Waterloo 

4 

- 4 

8 

Geobcixa 




B1A.NBA8 




Atlanta 

-13 

- 3 

-21 

Kansas City 

. - 8 

- 8 

- 6 

Augusta 

-21 

-14 

-32 

Topeka 

6 

0 

5 

Columbus 

-21 

-15 

-27 

Wichita 

3 

- 2 

5 

Macon 

Savannah 

-18 

-19 

-13 
- 9 

-23 

-31 

Kentdcxt 








Covington. ... 

- 7 

3 

- 9 

Illinois 




Lexington 

-13 

2 

-20 

Alton 

- 4 

- 3 

- 1 

Louisville. . . . 

- 9 

- 2 

- 7 

Aurora 

5 

4 

11 

Paducah 

-15 

-11 

-33 

Berwyn 

7 

10 

6 

LoxnszANA 




Bloomington. . . 
Cicero 

'nn.TivillA 

1 

2 

— 3 

2 

4 

— 2 

9 

2 

7 

Baton Rouge . . 
New Orleans. . . 

- 9 
-17 

- 5 

- 9 

-10 

-26 

Decatur 

- 2 

- 3 

6 

Shreveport 

-16 

- 3 

-19 

East St. Louis. . 

- 8 

~ 3 

- 9 

Maine 




Elgin 

2 

3 

6 

Lewiston 

-15 

- 8 

- 9 

Evanston 

18 

35 

13 

Portland 

1 

1 

2 

Joliet 

5 

8 

10 





Moline 

0 

- 3 

7 

MaBYIaAND 




Oak Park 

18 

39 

22 

Cumberland... 

- 6 

- 2 

- 2 

Peoria 

- 1 

I 

3 

Hagerstown . . . 

-12 

- 8 

-10 
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Gen- 

eral 

Good- 

ness 


G 

Massaciixtsbtts 

Arlington 8 

Brockton 0 

Brookline 19 

Cambridge .... 5 

Chelsea — 5 

Chicopee — 9 

Everett 4 

FaU River — 7 

Fitchburg. ... — 2 

Haverhill 2 

Holyoke 0 

Lawrence — 4 

Lowell — 7 

Lynn 5 

Malden 5 

Medford 8 

New Bedford. . . — 6 

Newton 14 

Pittsfield 3 

Quincy 8 

Revere 1 

Salem — 3 

Somerville 1 

Springfield 11 

Taunton — 6 

Waltham 3 

Watertown 6 

Worcester 5 

hllOHIGANT 

Battle Creek — 8 

Bay City ~ 2 

Dearborn 6 

Flint 2 

Grand Rapids ... 10 

Hamtramck 0 

Highland Park. . 8 

Jackson 6 

Kalamazoo 10 

Lansing 5 

Muskegon 0 

Pontiac 1 

Port Huron ... 4 

Saginaw — 1 

Minnesota 

Duluth 8 

Minneapolis. ... 10 

St. Paul 6 


Mississippi 

Jackson.. 

Meridian. 


Table 3 — {continued) 



-18 

-21 


9 

13 


-29 

-22 
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Gen- 

eral 

Good- 

In- 

Per- 

sonal 

Quali- 


ness 

come 

ties 


G 

I 

P 

New York — Cont, 

Rome 

- 8 

- 6 

-30 

Schenectady. . . . 

7 

8 

4 

Syracuse 

6 

4 

- 1 

Troy 

- 3 

- 1 

- 6 

Utica 

- 4 

1 

- 6 

Watertown 

4 

2 

4 

White Plains . . . 

17 

36 

10 

Yonkers 

6 

16 

- 6 

Nobtb Carolina 

Asheville 

- 7 

- 4 

- 9 

Charlotte 

-14 

- 2 

-18 

Durham 

-19 

-10 

-24 

Greensboro 

-12 

- 5 

- 9 

High Point 

-20 

-10 

-17 

Raleigh 

-14 

- 3 

-17 

Wilmington. . . 

-17 

-11 

-21 

Winston Salem.. 

-17 

-10 

-22 

Omo 

Akron 

- 1 

- 3 

- 4 

Canton 

4 

8 

- 4 

Cincinnati 

1 

10 

- 6 

Cleveland Heights 20 

30 

26 

Columbus 

- 1 

1 

- 6 

Dayton 

3 

3 

1 

East Cleveland. 

14 

0 

16 

Hamilton 

— 2 

- 4 

0 

Lakewood 

15 

23 

12 

TJnifl. 

- 1 

- 6 

8 

Lorain 

0 

- 3 

- 0 

Mansfield 

7 

3 

6 

Marion 

- 3 

- 6 

2 

Newark 

1 

- 6 

5 

Norwood 

6 

0 

2 

Portsmouth. . . . 

- 4 

- 4 

- 4 

Springfield 

0 

- 2 

0 

Steubenville 

- 2 

7 

- 8 

Toledo 

5 

4 

0 

Warren 

- 1 

1 

0 

Youngstown 

4 

6 

- 3 

Zanesville 

- 4 

- 3 

3 

Oklahoma 

Muskogee 

- 4 

- 5 

5 

Oklahoma Citj*. 

- 6 

- 2 

- 5 

Tulsa 

2 

6 

- 2 


OmsGON 

Portland 7 1 7 


Pennstltania 

Allentown — 5 l — 1 

Altoona 0 — 4 4 


Gen- Per- 

61*31 sonal 

Good- In- Quali- 

noss come ties 

O I P 

Pennsylvania — Cont. 


Bethlehem 

- 1 

- 5 

- 4 

Chester 

- 8 

1 

-13 

Easton 

5 

7 

10 

Erie 

4 

1 

2 

Harrisburg 

5 

2 

4 

Hazleton 

- 7 

- 9 

3 

Johnstown 

- 1 

0 

0 

Lancaster 

0 

1 

2 

McKeesport 

- 3 

5 

1 

New Castle .... 

2 

- 2 

5 

Norristown 

- 6 

7 

- 6 

Reading 

0 

1 

- 1 

Scranton 

- 2 

- 3 

- 3 

Wilkes Barre . . . 

0 

- 1 

1 

Williamsport . . . 

3 

- 1 

5 

York 

- 3 

- 1 

1 

Rhode Island 

Cranston 

- 4 

- 4 

— 2 

Pawtucket 

- 6 

- 2 

- 4 

Providence 

- 3 

3 

- 4 

Woonsocket .... 

-11 

- 3 

- 9 

South Carolina 

Charleston 

-20 

-13 

-48 

Columbia 

-18 

. - 9 

-25 

South Dakota 

Sioux Falls 

6 

- 2 

6 

Tennessee 

Chattanooga . . . 

-16 

- 7 

-18 

Knoxville 

-15 

- 7 

-10 

Memphis 

-14 

- 4 

-20 

Nashville 

-12 

- 5 

-14 

Texas 

Amarillo 

- 6 

5 

- 6 

Austin 

- 9 

- 6 

-16 

Beaumont 

-11 

- 5 

-12 

Dallas 

- 8 

2 

-10 

El Paso 

-12 

- 8 

-22 

Fort Worth. . . . 

- 7 

- 4 

-10 

Galveston 

-13 

- 2 

-20 

Houston 

- 9 

1 

-12 

Laredo 

-18 

-19 

-32 

Port Arthur 

-11 

- 6 

-16 

San Antonio — 

-12 

- 8 

-25 

Waco 

- 8 

- 6 

- 8 

Wichita Falls. . . 

- 1 

2 

- 6 

Utah 

Ogden 

- 2 

- 5 

0 

Sidt Lake City. . 

5 

- 1 

9 
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Table 3 — {continued) 



Geu- 


Per- 


Gen- 


Per- 


eral 


sonal 


eral 


soual 


Good- 

In- 

Quati- 


Good- 

In- 

Quali- 


ness 

come 

ties 


ness 

come 

ties 


(i 

I 

P 


G 

I 

P 

Virginia 




West Virginia 




Lynchburg 

-12 

- (\ 

— 14 

Charleston .... 

- 0 

3 

— 7 

Newport News. . 
Norfolk 

-12 

-12 

— h 

— .■) 

-17 

-15 

Huntington. . . 
Wheeling 

. - 5 

— 2 

1 

7 

- 9 

- 3 

Portsmouth. . . 

-13 

-11 

-20 

Wisconsin 




Richmond.. 

-11 

- 1 

-12 

Green Bay .... 

5 

- 2 

11 

Roanoke 

— 7 

- 3 

_ 7 

Kenosha 

4 

3 

- 2 

8 

14 




La Crosse 

- 1 

Washington 




Madison 

Milwaukee 

9 

0 

8 

3 

17 

0 

Belllngliam 

r» 

0 

14 

Oshkosh 

. 5 

- 4 

14 

Everett 

2 

1 

15 

Racine 

7 

1 

S 

Seattle 

0 

« 

0 

Sheboygan .... 

2 

- 2 

9 

Spokane 

7 

- 1 

10 

Superior 

1 

- 6 

9 

Tacoma 

3 

- 1 

11 

West Allis 

4 

0 

2 


Table 4 

Scores op States in G, I, and P 
O «= the median state 




G 

1 

P 


G 

I 

P 

1 . Ala 


-25 

—15 

—29 

25. Neb 


— 2 

16 

2. Ariz. . . 


-30 

3 

-14 

26. Nev 

2 

16 

- 6 

3. Ark.. . 


-23 

-15 

-17 

27. N. H 

... - 0 

2 

11 

4. Cal.. . . 


14 

28 

3 

28. N. J 

7 

21 

— 1 

6. Col.. . . 


- 2 

4 

4 

29. N.M 

. . . -21 

— 7 

-19 

6. Conn. . . 


11 

16 

8 

30. N. Y 

7 

28 

- 4 

7. Del 


1 

8 

- 4 

31. N. C 

. . . -22 

-15 

-17 

8. Fla.. . 


-22 

- 5 

-28 

32. N. D 

... +0 

- 0 

0 

9. Ga 


-29 

-15 

-28 

33. Ohio 

C 

8 

3 

10. Id.. . 


2 

- 2 

10 

34. Okla 

. . . - 8 

- 5 

- 6 

11. Ill 


2 

16 

4 

35. Ore 

7 

4 

13 

12. Ind 


2 

- 1 

9 

36. Pa 

. . . - 2 

8 

3 

13. Iowa . . 


5 

- 4 

19 

37. R. I 

. . . - 1 

8 

- 1 

14. Kan.... 


3 

- 4 

14 

38. S. C 

. . . -29 

-17 

-32 

15. Ky 


-19 

-10 

-14 

39. S. D 

... +0 

- 7 

11 

16. La 


-24 

-10 

-29 

40. Tenn 

. . . -22 

-11 

-17 

17. Me 


— 5 

— 2 

12 

41. Tex 

-17 

- 5 

-16 

18. Md. . . . 


-12 

8 

- 8 

42. Utah 

. . . +0 

+ 0 

8 

19. Mass. . . 


7 

17 

6 

43. Vt 

.. . - 2 

- 1 

12 

20. Mich. . . 


5 

10 

3 

44. Va 

... -19 

- 8 

-15 

21. Minn.. . 


7 

- 0 

11 

45. Wash 

10 

10 

9 

22. Miss. . . 


-28 

-17 

-32 

46. W. V 

. . . -13 

- 4 

- 9 

23. Mo. . . . 


— 7 

+ 0 

- 1 

47. Wis 

4 

5 

15 

24. Mont. . . 


2 

3 

5 

48. Wyo 

5 

7 

5 
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CORRELATIONS 

Intercorrelations of the Constituents of the G Score, 
for Cities 

I have reported some of the most significant correlations in the case 
of the cities elsewhere.* I report here in Table 6 all the intercorrela- 
tions of the 37 constituents of the G score for the 295 cities and for the 
200 cities remaining after the exclusion of cities adjoining larger cities 
and cities of the Old South. Table 5 proves that communities show a 
great specialization in these features of welfare, no city having them 
all in equal measure, and very few cities having them all in anything 
like equal measure. There is positive correlation as a rule, not com- 
pensation for inferiority in one respect by superiority in another. 
But the correlations are far from perfect. Table 6 shows that in the 
200 cities over half of them are below .20. The wide range of the 295 
cities raises the correlations somewhat above their value for the 200 
cities, as shown in Table 6. The median con-elation is .17 for the 200 
cities and .32 for the 295 cities. 

The variation among cities in goodness of life as measured by G is 
certainly not caused by any unitary mystical quality productive of all 
features of welfare uniformly. It is in fact caused largely (from three 
quarters to nine tenths of it) by two things — the intelligence, morality, 
family devotion, and other desirable personal qualities of the popula- 
tion and their income. But these operate in varied and complex ways. 
Two cities with equally high P scores and I scores will be closely alike 
in the total G score, but not in each of its features. One may spend on 
parks much of what the other spends on libraries and museums, or 
may take more care to keep boys and girls 16 and 17 in school and less 
care to keep children 10 to 14 out of gainful employment. 


Intercorrelations of the Constituents of the G Score, 
for States 

Table 5A presents the corresponding correlations for the states. 
The number of states is too small to permit argument from the exact 
amount of any of these correlations, but they are of value when taken 
in groups, and for cautious use singly in connection with the correla- 
tions for the 295 cities. The correlations are in general higher for the 


Your City, diapters IV and V, and Axner. Jour. Sociology 43: 191-224. 



THORNDIKE: MIERICAN CITIES AND STATES 


247 


states, the median r being .42. They vary more widely. Deaths 
from automobile accidents show mostly negative correlations, being 
more frequent in the “good” states. This is presumably due to the 
much greater frequency of ownership of cars in these states. Deaths 
from appendicitis also show mostly negative correlations. This may 
be due in part to more accurate diagnosis in the better states. 


Correlations of each Item with G, I, and P Scores, 
for Cities and for States 

Table 7 presents six correlations for most of the items studied (with 
G, I, and P in the case of the 200 cities and the 295 cities), and three 
more correlations (with G, I and P in the case of the 48 states) for 
many of them. Table 7 may be used as a sociological test of the 
nature and merit of any feature of a community by its affiliations with 
general welfare for good people, wealth or income, and the personal 
qualities measured by the P score. Its use for partial correlations is 
specially important. If the feature in question has a positive partial 
correlation with G after equalization for P, there is hope that its 
benefits can be had by giving the community money to spend in the 
indicated direction. The hope is not assured, for the feature may be 
linked to G via personal qualities not fully represented in P, or may 
require that the I of the residents be earned by them, not received as a 
gift. If the feature has a positive partial correlation with G after 
equalization for I, there is hope that by it good people though poor 
may enhance the goodness of life in their community. 


Intercorrelations of Certain Items 

Table 8 presents some of the thousands of possible intercorrelations 
of single items and smaller composites than G, I, and P which are of 
special interest to students of human nature and human affairs. Such 
features of a community as its percentage of church members or of 
foreign-born are worth studying in respect of many of their affiliations. 
It is very seldom that science can by observation or experiment com- 
pare communities identical in all respects save one, and determine the 
consequences of that difference in and of itself. The social sciences 
must rely largely upon inferences concerning causation on the baas of 
affiliation, using the technique of partial and multiple correlation or 
some equivalent. 
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Table 5A 

Intebcobrblations op Meabxjbes op which G is a Composite, in States 
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Table 6 

The Relative Fbeqtjbncies op Correlation op each Degree op Closeness 

AMONG THE MEASURES CONSTITUTING THE G ScORE 


Correlation 
-.41 to -.45.... 
-.36 to -.40. ... 
-.31 to -.35. . . . 

-.26 to - .30 

-.21 to -.25.... 

-.16 to - .20.... 
-.11 to -.15.. . 

— .06 to — .10. . . . 

— .01 to — .05. . . . 
.00 to .04.... 

.05 to .09 

.10 to .14,... 
.15 to .19.... 
.20 to .24,... 
.25 to .29.... 


Frequency, in 
percents 


200 

295 

cities 

cities 

0.3 


0.15 


1.35 

.15 

1.05 


1.5 

.75 

3.6 

1.13 

3.3 

1.3 

4.4 

2.9 

5.9 

3.3 

5.3 

3.2 

10.5 

4.6 

9.0 

6.3 

8.5 

6.5 

8,0 

8.8 

8.6 

9.1 


Correlation 


.30 to 

.34. 

.35 to 

.39. 

.40 to 

.44. 

.45 to 

.49. 

.50 to 

.54. 

.55 to 

.59. 

.60 to 

.64. 

.65 to 

.69. 

.70 to 

.74. 

.75 to 

.79. 

.80 to 

.84. 

.85 to 

.89. 

.90 to 

.94. 

.95 to 

.99. 

1.00 to 

1.04. 


Frequency, in 
percents 


200 

295 

cities 

cities 

5.8 

9.8 

4.6 

8.6 

5.9 

4.8 

3.2 

6.0 

3.2 

6.7 

2.2 

4.6 

1.65 

5.0 

1.05 

2.5 

0.3 

2.0 

0.45 

1.65 


0.15 

0.3 


.15 

0.15 


0.15 


The closeness of the aflSJiation of each of the items or traits with G, 
I and P is shovm by the correlations presented in Table 7. Two 
groups of cities are used, numbering 295 and 200. The former in- 
cludes all cities with populations of over 30,000 and under 500,000 in 
1930, except that, for special reasons, I omitted the resort cities 
Atlantic City, Miami, and St. Petersburg, and replaced Washington 
by Milwaukee, and counted Covington twice.* The latter excludes 
55 cities which adjoin larger cities and the 40 cities of Virginia, North 
Carolina, South Carolina, Georgia, Florida, Kentucky, Tennessee, 
Alabama, Mississippi, and Louisiana. 

Other correlations of importance are presented in Table 8. 

* Covington was counted twice in the 295 cities because it occurred once among the 40 
cities of the Old South and once among the 55 cities adjoining larger cities. Both of these 
groups were investigated in various ways and much labor was saved by combining their data 
unchanged in the 295 cities. There being only one such case, it seemed inadvisable to treat 
the entry with rigorous accuracy. The only harm done is that Covington has twice as mudi 
weight as other cities have in the corr^ations involving 295 cities. 
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public debt and value of schools, libraries, parks, etc.) 

414 Composite of items 244 and 13S (illegitimate births reversed and 

death-rate from non-si philitlc venereal diseases) 

415 Composite of items 131 and 132 (infant death rate reversed and 



264 


ANNALS NFAV YORK ACADEMY OF SCIENCES 


It will be well for the reader to remember that in two affiliated items 
or traits the percentage of the variation in one which is attributable to 
the variation in the other equals and so is very low for small co- 
efficients, being: 

.01 when the correlation is .10 
.0225 when the correlation is .15 
.04 when the correlation is .20 
.0625 when the correlation is .25 
,09 when the correlation is .30 
.1225 when the correlation is .35 
.16 when the correlation is .40 
.25 when the correlation is .50 
.36 when the correlation is .60 

These correlations ai'e in one sense entirely reliable as measures of 
the conditions that existed in the specified cities; there is no sampling 
error since they include them all. But in another sense we may esti- 
mate their unreliabilities, as follows: For 295 cities the P.E.’s for 

r = .10, .20, .30 90 are respectively: —.122, .119, .114, 

.107, .098, .086, .072, .055 and ,033. For 200 cities the corresponding 
P.E.'s are: .147, .143, .137, .129, .118, .104, .087, .066 and .040. For 
48 states they are: ,30, .29, .28, .26, .24, .21, .175, .134, and .080. These 
estimates are for the probable divergences of what we did find from 
what would be foimd in an infinite number of enquiries such as ours if 
such could have been made in other countries strictly comparable to 
the United States. The largeness of these P.E.'s is due to the use of the 
cosine % U formula. 

Table 8 

The Fibst of the Cobrblations is that for the 200 Cities, the Second 
IS THAT FOR THE 295 ClTIES 

(w. = with; rev. = reversed) 


item 

2 w. lJt6; - .09, - .16. w, 14S rev.; - .06. - .13. w. 422; .32. .26 

4 w. 246; .17. .12. w. 245 rev.; .73, .80. w. 224; .16. .06 

6 w, 246; - .46, - .43. w. 245 rev.; - .08. ~ .16. to. 280; - .42, - .14 

6 w. 245 rev.; - .05, .00 

7 w. 245 rev.; — .02, — .06 

9 w. 246; - .14, - .11 


20 

w. 

2; .05. 

20. 

w. 4; 

.26. - .10. 

w. 6; - .02, — .08 

22 

w. 

245 rev. 

; .46, 

.48 




22 

w. 

245 rev. 

; .26, 

.37. 

w. 2; .34. 

.27. w. 22; .43, 

.58. 

22 

w. 

146; - 

.31. 

-.41. 

w. 224; 

-.41, - .37 


22 

w. 

W; ~ 

.54. 

- .51. 

. w. 224; 

-.41, - .24 


23 

w. 

146; - 

.18. 

- .28. 

w. 2; .44, .37 




THORNDIKE: AMERICAN CITIES AND STATES 


266 


Table 8 — (continued) 


Item 



24 

w. 146; - .09, - .18. 

iff. 1; .61, .38 

25 

ID. 124; - .30, - .17 


30 

to. 31; in 295 cities. .37. 

iff. 33; in 295 cities. .38. to. 41; in 295 cities, .41 

51 

iff. 146; - ,64. - ..^l. 

to. 124; - .62, ~ .63. iff. 145 rev.; — .11, — .20. to. 35; in 


295 cities, .83 


32 

iff. 146; - .08. - .11 


S3 

iff. 146; - .47. - .41. 

iff. 124; - .35. - .36. to. 145 rev.; .40. .60, in 182 cities. .29 

41 

iff. 124; ~ .36, - .26 


55 

iff. 1; - .03, - .14 


59 

to. 146; - .43, - .20 


60 

iff. 146; - .67, - .49 


62 

iff. 1; - .16, .04 


64 

10 . 146; — .31, — .36. 

Iff. 1; .06, .12 

65 

to. 146; — .39. - .36. 

iff. 1; .02, .02 

67 

to. 146; - .46. - .51. 

to. 1; - .26, - .20 

68 

iff. 146; - .06, - .13. 

Iff. 1; - .51, - .42 

70 

iff. 146; - .23, - .26 


71 

iff. 146; - .32, - .27. 

iff. 1; .09, .06 

75 

to. 145 rev.; — .13, — . 

19 

76 

iff. 145 rev.; - .06, — . 

10. iff. 1; .29. .23 

78 

to. 146; - .14. - .15 


79 

to. 146; .06, - .03 


81 

iff. 146; — .23, - .16 


82 

to. 146; .03. - .02 


85 

to. 146; .03, - .11 


84 

to. 146; - .23. - .11 


105 

to. 106; in 295 cities. .60 

106 

to. 146 ; — .45, •— .44. 

to, 4; .31, .33. iff. 105; in 295 cities. .60. to. 124; - .29, — .27 

107 

to. 146 ; — .06. - ,14. 

to. 109; .92, .96. to. 107a; .97. .98 

109 

to. 146; - .09, - .17. 

iff. 145 rev.; .26, ,40. to. 1; .31, .18. iff. 107a; .87, .94. to. 114; 


.72. .69. to. 115; - 

,22. - .47 

115 

iff. 1; .29, .16 


114 

to. 146 ; .03, — .08. iff 

. 107; .64, .63 

115 

iff. 146; .16, .14. if. 107; - ,48, - .69 

115a 

to. 120d; .94, .93 



115b w. U6; .14. .08. w. U5 rev,; - .03, - .27. u\ 107; ,14. .03. w, 109; .31. .08 

116 w, 107; .70. .67. w, 109; .76. .78 

117 w. 107; - .64. - .56, w. 109; - .34. - ,4G 

120a Iff. 107; .66, .63. w. 109; .68, .63 

mOb w, 107; .76, .81. w. 109; .93. .94 

ISJf w. 1^6; .36, .28. w. W rev,; .10. - .06. w, 21; - .41, - .37. w, 22; - .41, - .24. 

w. 25; - .30. - .17. w, 51; - .63. ~ .62. «?. 55; - 36, - .36 iff. 106; - .30. 

- .27. w. lU; .60. .26. iff. U5; - .64. - .33. iff. If.; .16. .06. iff. 150; .36, .27. 

w, 151; ~ .03, - .06. iff, 155 rev.; .31. .17. iff. 158 rev.; .44. .28. iff. 155 rev.; .08, 

- .08. Iff. 15Ji rev.; - .44, - .48. iff. 156; .24, .24. iff. 2U rev.; .19. .06 

125 iff. 146; .26, .16 

126 iff, 146; .13, .06 

127 iff. 146; - .48, - .43 

128 iff. 145 rev.; - .06. .18 

129 iff. 146; .43, .36 

150 iff. 146; .43, .39. w. 145 rev.; - .03, - .04. w. 9; - .12, - .06, iff. 12J^; .86, .27. w. 

151; - .22. - .22. to. 158; .00. ~ .07. to. 14 O; .46. .26. iff. I 4 I; .06, .01. to. 142; 
.82, .18. iff. 145 ; - .22, - .02. iff. 144; .22, .09. iff. 156; .17, .27. iff. 155 rev.; 

- .03. - .02. to. 154 rev.; - .31, - .27. to. 244: - .07, - .13 

151 iff. 146; - .22, - .26. iff. 145 rev.; .63, .72. iff. 1; .03. .08. iff. 124; - .02, - .05, 

10 . 152; .48, .64. to. 150; - .22, - .22. to. 144: .52, .67. to. 244: .48, .66. to. 412; 
.61. .67. to. 415: .37. .53 

152 iff. 146; .19, .07. to. 145; .31, .68. to. 244: .06, .24. to. 412; .37, .61 
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Table 8 — (continued) 


Item 

133 w. lJt6; .16, —.03. w. 12 Jt; .31, .17. w. 166; in 205 cities, .62. 

134 w. 145 rev.; .59, .60. w. 1; .29, .16. w. 270; .41, .31 

136 w. 144; .38, .58 

137 w. 145 rev.; .41. .58. w. 1; .13, .00. w. 144: -34, .63. w. 270; .47, .42 

138 w. 124; .44, .28 

140 w. 146; .90. .78. w. 130; .41, .14 

141 ZD. 145 rev.; .02, - .03. w. 4; - .20, - .10. w. 130; .05, .01 

142 to. 130; .32, 18 

143 to. 146; - .46, - .48. w. 145 rev.; — .27. .00. to. 124; ~ .54, - .33. w. 130; - .13, 

.01. 

144 746; .34, .23. w. 145 rev.; .46. .58. to. 124; -60, .25. to. 130; .15, - .01. to. 131; 
.62, .67. to. 132; .31, .58. to. 137; .34, .63. to. 156; .48, .44. to. 171; .38. .58. 
to. 244: 40, .60. to. 412; 51, .66. to. 41S; .22. .37. to. 414: .53, .68 

145 ZD. 146; .05. .01 : also see the other item in the correlation. 

146 See the other item in the correlation 

147 ZD. 145 rev.; — .16, — .16. to. 1; — .08, .12. to. 4; .00, .03. to. 130; .38, .32. to. 14 O; 

.78. .71. to. 14 I; .62, .54. to. 412; - .32. - .29. 

147a ZD. 145 rev.; - .17. - .24 

147h ZD. 145 rev.; — .19, — .18 

148 ZD. 145 rev.; .40, .43. to. 4: .16, .23. to. 124; — .03, .02. to, 130; — .08, .05. to. 14 O; 

- .58, - .48. to. 141; - .64, - .47. to. 4 IZ; .16, .31 
148a ZD. 145 rev.; .38, .47 

148b to. 145 rev.; .30, .46 

149 ZD. 145 rev.; - .36, - .51 
149a ID. 145 rev,; .23, .35 

150 to. 145 rev.; - .37, - ,47 

150a ZD. 146; - .73, - ,74. to. 145 rev.; .26. .43 
ISOb ZD, 145 rev.; .22, .14 
150c ZD. 145 rev.; .11, - .20 

151 ZD. 146; — .46, - ,46. to. 145 rev.; — .25, .31. to. 130; — .25, - .21 

152 ZD. 146 ; - .61, - .30. to, 145 rev.; - .08, .32 to. 130; - .07, - .04. to. 153; - .34, 

- .43 

153 to. 146; ,03, - .02. to. 124; .08, - ,08. ZD. 145 rev.; .29, .34. in 182 cities, .19. 

154 ZD. 146; - .22, - .35. to. 124; - .44, - .48. to. 145 rev.; .11, .28, in 182 cities, - .03 

155 to. 146; - .57, - ,43. to. 24 I, - .37, - .39 

156 ZD. 146; ,34, .33, to, 145 rev.; .20, .24. to. 180; .17, .27, to. 124; .23, .24. to. 144; 

.48, .44 

157 to. 146; .06, .03. to. 130; - .18, - .11 

158 to. 146; .20, .20. to, 130; - .03. .17 

162 to. 1.J5; - .61, - .30. to. 145 rev.; - .32, - .68. to. 4 ; - .52, - .83. to. 154; .06, 

- .14 

163 to. 146; - .49, - .36 

164 ZD. 146; - .62, - ,62 

165 ZD. 146; - .31, - ,41 

166 ZD. 146; - .19, - .22 

167 ZD. 146; - .44, - ,44 

168 ZD. 146 ; - .60. - .34. to. 145 rev.; — .24, - .44 

169 ZD. 146; - .32, - .22. to. 145 rev.; - .37, - .66 

171 ZD. 146; - .11, - .23 

172 ZD. 146; .20, .04 

173 to. 146; - .54, - ,56 

174 to. - .60, - .66 

177 ZD. 146; - .37. - .46 

179 to. 145; - .40, - ,43 

180 to. 145; - .43. - .44 

181 to. 146; - .61, - .53 

182 to. 145; - .41, - .47 

183 ZD. 146; - .48, - .44 
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Item 


184 

w. 146; - .60, 

- 

.52 


185 

u\ 146; - .25, 

— 

.05 


186 

w. 146; - .45, 


.40 


187 

w. 146; - .67. 

— 

.68 


188 

w. 145; - .61. 

— 

.51 


189 

w. 146; .19. .06 


w. 145 rev.; .05, .19 

190 

w. 146; - .41, 

— 

.47 


191 

w. 146; - .09, 

— 

.11 


194 

w. 146; - .61. 

— 

.35 


197 

w. 146; — .49, 

— 

.46 


201 

w. 146; - .26, 

— 

.36 


207d 

w. 146; .19, .06 


w. 144; .28, .32 

208 

w. 146; - .48, 

— 

.46. 

w. 1; .37. .31 

209 

w. 146; - .46, 

— 

.43. 

w. 1; .28, .25 

211 

w. 146; - .41. 

— 

.42 


220 

w. 146; - .03, 

— 

.13. 

w. 1; .19, .15 

221 

w. 146; - .25, 

— 

.27. 

w. 1; .51, .36 

223 

w. 146; - .03, 

- 

.14. 

w. 145 rev.; — .11, .12. 


w I w .19, .07. .37, .23. to. 145; rev, .72, .76. tr. .20. .27. w. IS 4; .48, .66 

24^ 1^5 rev.; .09, .18. w. 155; - .37. - .39 

24s w. 145 rev.; .40, .47 
244 w. 124; .19, .06 

249 w. 146; - .18, - .26. w. 124; - .19. - .17 

251 w. 146; ~ .17. ~ .12. w. 124; - .03. .08. w. 145 rev.; .16, ,11. w. 144; - .23, 

- .27. w. 252; ,76, ,78. w. 4IZ; - .26. - ,25 

252 w. 146; - .16, .03. w. 145 rev.; ,07. - .05. to. 124; .17, .22. to. 144; - .33, - .40. 

to. 412; ~ .36, — .36 

205 to, 146; - .02, - .11. to. 145 rev.; - .09, - .32 

261 to. 146; - .20, - .26 

262 to. 146; - .34, - .31 

270 to. rev.; 24, .20 

271 to. 1.J6; - .25, - .18 

-^0-^ to. 2S; .60, .68. to. 24; .65, .72. to. 222; ,58. .56. to. 223; .40, .52 

411 to. 1-^6; - ,66, - .53. to 1; .32, .26. to. ^^3; .31, .28 

412 to. 1-^6; - .13, - .13. tr. 124; .28, .21. to. 145 rev.; .49. .60. to. 151; .51, .67. to. 152; 

.37. .61. w. 413; .37, .52. to. 414; .39, .58. to. ^15; .49, .63 

413 to. 1.^6; ~ .22, - .26. to. 145 rev.; .29, .46. to. 131; .27. .53. to. 132; .06, .24. to. 1.^^; 

.22, .37. to. 2^^; .00, .19. w. 412; .37. .52. to. 414; .19, .34. to. 415; .23. .37 

41.^ to. .^12; .39, .68. to. ^15; ,49, .70 
^15 to. ^12; .49, 63. to. 413; ,23. ,37. to. 414; .49, .70 
416 to. 412; .09, .44. 10 . 413; .28. .50. to. 414; .54, .62. to. 415; .37, .65 

A Note on Statistical Procedures 

With very very few exceptions the items and combinations of items 
show continuous variation around a single mode. The distributions 
are often skewed, sometimes enormously skewed. My correlation co- 
efficients, computed by r = cos x U, are more comparable than Pear- 
son r’s would be, but no one method can give strict comparability of 
all the correlations. The variations introduced by the treatment are 
not, I think, prejudicial in relation to any of the questions to answer 
which the correlations are used. Fortunately the distributions of G, 
I and P (shown in Figures 1 to 6) do not depart widely from the 
symmetrical, normal” form. 
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The correlations computed from the facts for one or two or three 
years are somewhat lower ( 2 . e. nearer to zero) than they would have 
been if computed from facts for more years representing more precisely 
the status of each city in comparison with the others. This ‘‘attenua- 
tion’' varies from inappreciable amounts in the case of many of the 
items to .01 or more in the case of some. A correlation can be corrected 
for this attenuation by 


fpco floo 


V»v 


in which is the correlation which would be found if records from 
ten or more years (theoretically an infinite number of years) had been 
used, Vpg is the correlation obtained from the records actually used, 
Tppi is the correlation between the score actually used for one of the 
two items and a comparable score from another year or years, and 
is the same for the second item. 

In applying this formula, red, the correlation between our G score 
and a G score obtained in a similar manner from data for 1931, or for 
1929, may be assumed to be over .99, since it is a composite of so many 
semi-independent items, and since most of them in most cities do not 
change suddenly with time. For the same reasons, r^p, may be assumed 
to be almost or quite .99. But r//, would be somewhat less stable 
from year to year, because an earthquake, a flood, the shutting down 
of a great mill and the like, could make a great change in I score in a 
few cities, and the special conditions of 1930 may have affected certain 
cities’ incomes in special ways. I conjecture that r//, will be between 
.94 and .98, if data are ever available to compute it. 

Whenever it was probable that a single year’s record would not cor- 
relate with another year’s to the extent of .90 or more, I have used 
records for two or more years (as many as six in the case of some items) 
if I could get them. But many items are obtainable for only a single 
year. 


THE INFLUENCE OF THE DIFFERENCES BETWEEN 
COMMUNITIES IN THE PERCENTAGE OF THE 
POPULATION OF EACH SEX AND AGE 

If the sex and age distribution was the same in every city, and the 
same in any one state as in any other state, the correlations reported 
in this monograph could be used unreservedly. Unfortunately for the 
workers in this field, cities vary considerably, and states appreciably, 
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in the proportions of male and female and of old and young. All the 
correlations involving per capita measures require consideration of the 
influence of these variations; and it will doubtless be desirable to have 
also many measures in which different weights are attached to different 
sex and age segments of the population. The correlations presented 
here are valuable as first approximations; and the per capita rate is 
better to use than any other one population rate. Also the variations 
among cities in many of the per capita items are so great that the 
influence of even large differences in, say, the percentage of children 
under 15 in the population may have a relatively minor influence upon 
the significance of say the per capita expenses for teachers’ salaries, 
or ratio of dentists to lawyers, or other items which a priori seem 
specially sensitive to differences in the frequency of children per adult. 
But eventually the influence of all such sex and age differences should 
be measured and allowed for. They cannot be allowed for satisfac- 
torily by partialling them out, because too much may be, and often 
would be, partiallcd out along with them. The differences in the 
number of females per hundred males act more simply, are less often 
influential, and arc of smaller influence where they do operate, than 
the differences in age constitution. The influence of the latter is 
complex, acts in the case of almost all per capita measures, and may 
conceivably have a large influence upon some of them. 

The following pages present measurements of the variations in sex 
and age distributions, and discussions of their influence as possible 
causes of imperfections in G, I, and P as measures to use in comparing 
cities, and of their significance in other ways. In considering correla- 
tions (especially those involving per capita measures) and conclu- 
sions drawn from them, the possibility of distortion by the “oldness” 
or “youngness” of a community should be kept in mind. 

The variations in cities in the percentages of the population at ages 
0-9, 10-14, 15-19, etc. are shown in Tables 9 and 10. They are large. 

These variations are important in three ways: (1) as possible causes 
of impel fee tion in G, I, and P as measures to use in comparing cities, 
(2) as products of certain causes, and (3) as symptoms of certain 
conditions. 

The Influence of Differences in Age-Composition upon the 
Validity of the G, I, and P scores 

If three cities have the same G score, but vary in their age composi- 
tion, having, respectively, few, an average number, and many of their 
populations under 15 years of age, will the general goodness of life for 
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good people old and young still be closely alike in all three? To an- 
swer this question we must consider the G score item by item. 

Item 131, infant death rate reversed, is a rale based on live births, 
not a per capita rate. Hence the same score in it will mean the same 
percentage of absence of disappointment, grief, etc. to parents and 
friends. The same percentage will on the average be a larger per 
capita number in cities with many children under 15, since in such 
cities there will be more births per year per 1000 population, the cor- 
relation between the percentage under 15 and births per 1000 being 
about .40 (.43 in the 200 cities and .36 in the 295). In so far forth, the 
same score in Item 131 will represent more happiness per capita in the 
city whore percent < 15 years is high. On the other hand, the loss of 
an only child or one of two may be a greater affliction than the loss of 
one out of four or five, and cities high in percent < 15 arc also high in 
size of family (the correlations are .90 in the 200 and .78 in the 295 
cities). The same score in Item 131, then, means perhaps a little 
more happiness or welfare per capita in the city with a high percent 
< 15. 

Consider next item 53, per capita public expenditures for schools. 
The same per capita in our three cities will mean fewer dollars per 
pupil in the city with many children under 15, and so, other things 
being equal, inferior education and less welfare. This holds for items 
54 and 55 also. The same score in Item 23, average salary of high- 
school teachers, however, will mean the same value in a city with many 
children as in one with few, in the sense that whoever are being edu- 
cated are, so far as the item is concerned, being educated equally well. 
The item might properly be given more weight in a city with many 
children, but all are comparable in respect of it as a measure of the 
quality of education. 

A given score in Item 57, per capita public expenditures for recrea- 
tion, also seems to mean approximately equal contributions to welfare 
regardless of the age constitution of the population. Perhaps a young 
person gets more direct pleasure and health than an adult, so that a 
population having many children has a slight plus. 

A given score in Item 107, the 5 percentile family rental, means a 
worse condition in a city with many children than in one with few. 
The item is the rent less than which is paid by a certain percent of the 
families in the city, not of its individuals, and, other things being 
equal, the more persons there are in a cottage or flat, renting from $6 
to $20 a month, the worse it is for them and their neighbors. 

The reverse is the case with the scores for gas, electricity, automo- 
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Table 9 

The Variation among 295 Cities in the Percentages of the Population 
Aged 0 to 9, 10 to 14, etc."*^ 


Frequencies 


Por 

0-9 

10-14 

0-14 

16-19 

40-64 

05 or ]> 

cents 

M 

y 

M+F 

M+F 

M+F 

M 

F 

M 

y 

0 to 

0 0 

— 

— 

— 

— 

— 

— 

— 

1 


1 “ 

1.9 

— 

— 

— 

— 

— 

— 

— 

4 

1 

2 “ 

2.0 

- 

— 

— 

— - 

— 

— 

— 

23 

12 

3 “ 

3.9 


— 

— 

— 

— 

— 

— 

69 

37 

4 “ 

4.9 

— 

— 

— 

— 

— 

— 

— 

52 

61 

5 “ 

5.9 

— 

— 

— 

— 

— 

— 

— 

70 

54 

6 “ 

6.9 

— 

— 

— 

— 

— 

— 

— 

45 

67 

7 “ 

7.9 

— 

— 

— 

— 

— 

— 

-- 

17 

33 

8 “ 

8.9 

— 

— 

— 

— 

— 

— 

— 

5 

19 

9 “ 

99 

— 

1 

— 

— 

— 

— 

— 

2 

7 

10 “ 

10.9 

— 

1 

— 

— 

— 

— 

— 

1 


11 

11.9 

— 

4 








12 “ 

12.9 

2 

5 

3 







13 “ 

13 9 

10 

15 

7 

— 

4 

— 

2 

— 

1 

14 “ 

14 9 

12 

21 

30 

— 

11 





16 “ 

15.9 

28 

48 

38 

— 

27 

— 

1 



16 “ 

16.0 

37 

09 

63 

— 

83 

1 

3 



17 “ 

17.9 

69 

38 

58 

— 

53 

2 

3 



18 “ 

18 9 

59 

40 

40 

2 

65 

4 

5 



10 “ 

19.9 

37 

28 

26 

5 

25 

— 

8 



20 “ 

20.9 

23 

10 

14 

6 

18 

3 

12 



21 “ 

21.9 

12 

6 

6 

7 

7 

10 

30 



22 “ 

22.9 

4 

2 

6 

20 

— 

20 

24 



23 “ 

23.9 

1 

2 

1 

28 

2 

27 

24 



24 “ 

24.9 

1 

2 

1 

13 

— 

42 

35 



25 “ 

25.9 

— 

— 

1 

30 

— 

38 

31 



26 “ 

26.9 

— 

— 

— 

41 

— 

46 

35 



27 •• 

27.9 

— 

— 

— 

36 

— 

33 

32 



28 •* 

28.9 

— 

— 

— 

32 

— 

32 

21 



29 “ 

29.9 

— 

— 

— 

12 

— 

16 

18 



30 “ 

30.9 

— 

— 

— 

12 

— 

11 

4 



31 " 

31.9 

— 

— 

— 

8 

— 

2 

3 



32 “ 

32.9 

— 

— 

— 

4 

— 

6 

2 



33 “ 

33.9 


— 

— 

2 

— 

1 

1 



31 “ 

34.9 










35 “ 

35.9 

-- 

- 

— 

- 

— 

1 




36 “ 

30.9 

— 

-- 

— 

i 

— 

— 

1 




" Some of tlio dihlributions given in Table 9 are computed by averaging the perctmtages 
of males and of females, at the ages In question, and so may differ very sdiglitly ftt)m those 
which would be found by direct division. The difforonces are of no consequence, tlio nature 
and amount of the variation being almost identical regardless of the method of computation. 
The score used for per cent loss tlmn 16, for example, is really the average of the scores for 
per cent of males loss than 15 and percent of females loss than 15. It correlates practically 
perfectly with the percentage computed by dividing the sum of males under 15 and females 
under 16 by the total population (abnost .995). 

biles, telephones, and radios. These arc all per capita scores and 
where there are more children and larger families, the percentage of 
persons who arc benefited by them will be greater. This does not 
mean that one automobile for a family of six docs as much good as 



274 


ANNALS NEW YORK ACADEMY OF SCIENCES 


two automobiles for two families of three, or three automobiles for 
three families of two, but only that it does more good than one automo* 
bile for the two families or for the three families, with one or two of 
the families having none. 

The same score in items 165 and 166, per capita deaths from syphilis 
(reversed) and homicide (reversed), will mean a worse condition in a 

Table 10 

The Vamation among 295 Cities in the Pbecbntage op Males at Ages 20-39. 

AND IN THE PERCENTAGE OF FEMALES AT AgB 20-44 


Frequencies 

Males Females 

Percents* 20-39 20-44 

28 4 

29 13 

30 26 

31 31 

32 47 

33 33 

34 37 

35 29 3 

36 25 7 

37 18 8 

38 7 29 

39 8 40 

40 8 36 

41 4 38 

42 3 35 

43 1 28 

44 1 20 

45 21 

46 5 

47 12 

48 8 

49 4 

50 1 


« 28 » 28.0 to 28.99. 29 - 29.0 to 29.99, etc. 

city with many children than in one with few, since for the same per 
capita score, the frequency of syphilitics and murderers per 1000 
persons over 15, which is the symptom we chiefly wish to measure, will 
be greater in the former than in the latter. 

I have considered every item in G and conclude that in twelve items 
(134, 21, 22, 23, 24, 57, 17, 201, 202, 203, 26, and 11) a given score 
means the same merit or demerit regardless of the percentage of children, 
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and that the pluses and minuses among the others pretty miarly 
balance. 

In the case of I, the index of per capita private income, the five iu- 
comc-tax, salaiy and wage components have the same meanings for 
I regardless of the percentage of children in the population. The 
expenditure items probably do not. The same average family rent 
will mean less income per capita if the families are large, as they will 
be if percent < 15 is large (but not less income per family). The same 
per capita expenditures for food will mean more income per capita 
because what a child 0 to 8 or older eats costs less than what an adult 
eats. The same per capita expenditures at cigar stores will mean 
more income per capita because what a child smokes costs less.* 

The same per capita expenditures at drug stores will probably mean 
a little more income per capita, for the same reason. Food, cigar and 
drug expenditures had a total weight of 6 in our index; rent had a 
weight of 3. The other items had a total weight of 36. The imperfec- 
tions in the index as a whole will then surely be very small, and it is 
not even certain that the same I score will mean less income for cities 
with many children. The error from rent may equal the opposite 
errors from food, tobacco, and drug-store sales. 

In the case of P, the same per capita circulation of library books 
will mean more reading in a city with a high percentage at ages 0 to 14, 
unless the borrowers among children are specially numerous. The 
same per capita number of telephones will mean a larger percentage 
of adults supplying their families with telephones. The same per 
capita number of homes owned will mean a larger percentage of adults 
owning homes. On the other hand, the same per capita death-rates 
from syphilis and homicide will tend to mean worse conditions in cities 
with many children under 15, The significance (for the intellectual 
and moral status of the population) of a given score in the other con- 
stituents of P will be closely the same regardless of the percentage of 
children under 15. On the whole, it would probably be well to scale 
down the P scores a little for cities with percentages under 26 at ages 
0-14, and raise them a little for cities with percentages over 26. The 
improvement thereby made in the validity of the measures of the 
personal qualities of the population would not, however, be gi'eat. 
What I have done is to compute P scores corrected very generously 
by subtracting one seventh of a standard deviation in P for every 

* Compute the income, for example, if Tve counted per capita income as 200 times the per 
capita sales of dgar stores, and bad two populations which, age for age, smoked equally, but 
one of which was composed of 20,000 babies and 10,000 parents, whereas the other was com- 
posed of 10,000 babies and 20,000 parents. 
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standard deviation in per cent < 16 below 26 and adding one seventh 
of a standard deviation in P for every standard deviation in per cent 
< 15 above 26. This corrected P correlates *992 with the regular P. 
It would then be supererogatory to compute new P scores roidaoing 
certain per capita values by corresponding values per person J 5 years 
old or over, per person 10 years old or over, and the like. 

The Causation of Differences in the Constitution of 
Cities in Respect of Age 

The cities with the highest percentages (30 to 37) of children under 
fifteen are: Bayonne, Bethlehem, Chicopee, Columbus (Ga.), Dear- 
born, East Chicago, El Paso, Fall Eiver, Greensboro, Hammond, 
Hamtramck, Hazleton, High Point, Johnstown, Laredo, Lorain, 
McKeesport, New Britain, New Castle, Ogden, Perth Amboy, Port 
Ar thur, Revere, West Allis, Wilkes-Barre, Winston-Salem, Woonsocket, 
and Youngstown. As a rule they are industrial cities and have large 
foreign-born populations. 

Among possible causes of differences among cities in the peicentage 
of the population under 15 we may consider the birth rate (per 1000 
females aged 20-44), the percentage of foreign-born whites, the per 
capita church membership 13 or over, and the percentage of the popu- 
lation gainfully employed as workers in factories. The correlations of 
percent < 15 with these are, in order, .43, .34, .36, and .34 in the 200 
cities, and .39, .23, .28, and .33 in the 295 cities. These together, how- 
ever, account for only about a quarter of the variation in percent 
<15 (30 percent of it in the 200 cities and 24 percent in the 295), 
The birth-rate is by far the most important of the four, having in fact 
more influence than all three of the others. 

It may reasonably be assumed that much of the variation not ac- 
counted for by the birth rate is due to the desertion of certain cities by 
older people, and the attraction to these cities of families with young 
children from other cities, from the country, and from foreign lands. 
It would be reasonable for the older people who could afford to do so 
to desert cities low in G in favor of cities high in G. Children under 
fifteen are of course unable to do this. Migration is financially less 
feasible for parents having several children of that age. The less 
intelligent and less moral" persons would presumably migrate less in 
the direction of high G scores. How much less is not known because 
the amount of such migration is not known. 

The percentage of Negro families makes practically no difference to 
percent < 15. The correlations are .05 and .015. The size of the city 
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has very little influence; the correlations with largeness arc — .09 and 

— .155. The density of the population (persons per acre) has very 
little influence, the correlations being — .04 and — .11. 

The percentage of the population aged 10 or over gainfully employed 
is correlated negatively with percent < 15 (for males, — .465 and 

— .46; for females, — .38 and — .24). Part of this antagonism would 
vanish if the percentages were of those aged 20 or over, or 18 or over. 
But the fact remains that the cities where employment is common are 
those where children are few. The correlations of percent < 15 with 

persons per thousand out of a job and looking for a job'' in 1930, 
and with ^'persons per thousand having jobs but laid off though able 
and willing to work" are all positive (.065, .03, .20, and .20 respectively), 
and would be higher if persons out of work per thousand adults had 
been used. 

The Significance of the “Childness" and “Adultness" of Cities 

The correlations of various features of the age-distribution with 
G, I, and P arc shown in Table 11. A separate monograph in which 
the facts now available would be supplemented by others would bo 
required to elucidate fully the meaning of these. So far as I can now 
judge, the general facts will prove to be as follows: (1) parts, but 
only very small parts, of the positive correlations with what we may 
call ‘^adullness" are spurious, being due to unfairness of the indices 
themselves to cities varying from the average toward “childness." 
(2) Larger parts in the case of G, and especially in the ease of I, are due 
to the diflSculty of maintaining a good life for citizens and at the same 
time caring for many children, and to the very small contributions of 
children to per capita income. (3) There remain large parts, especially 
in the case of G and P, which testify to a genuine tendency of those 
cities which arc high in G because they are high in P or in what is 
common to P and I to have fewer children born and to attract and 
retain families with fewer children. 

Evidence of the existence and magnitude of this third cause of the 
correlations is found in such facts as the following:* The antagonism 
of “childness" to P is greater than to I (— .485 compared with — .35) 
although the first two sorts of influence should make the latter much 
larger. The antagonism of “childness" to G after equalization for 
differences in I is greater than after equalization for differences in P 
(— .28 compared with — .14) although the first two sorts of influence 
should make the latter correlation the larger. The antagonism of 


* These facts need to be connlclerod in the light of their affiliations. 
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''childness’^ to P after equalization for differences in I is substantial 
and greater than its antagonism to I after equalization for differences 
in P (— .47 compared with — .34). The first two sorts of influence 
should produce a contrary effect. 

The antagonism of childness to the per capita number of artists, 
musicians, professional workers other than teachers, and other persons 
who are frequent in ''good’’ cities is much greater than its antagonism 

Tab^b 11 

The Coebelations op the Pekcentages op the Popxtlatioit op Age 0 to 9, 


10 TO 14, BTC., 

WITH G, I, 

AND P 





With G 

With X 

WithP 


200 

296 

200 

295 

200 

295 


cities 

cities 

cities 

dtlos 

cities 

cities 

Percentage at age 0-1), Male. 

-.61 

-.53 

-.626 

-.66 

-.35 

-.46 

Percentage at age 0-9, Female. 

- 43 

-.43 

-.36 

-.44 

- 47 

-.49 

Percentage at age 0-9, All . . 

-.44 

-.41 

-.43 

-.47 

-.41 

- 44 

Percentage at age 0-14, All . 

-.46 

-.42 

- 29 

- 41 

- 48 

-.49 

Percentage at age 10-14, All. 

-.32 

-.32 

- 09 

- 23 

- 38 

-.40 

Percentage at age 15-19, All. . 

- 34 

-.33 

- 08 

- 36 

- 40 

-.68 

Percentage at age 20-89, Male 

.16 

.06 

.34 

.21 

11 

- 33 

Percentage at age 20-44, Female 

.11 

-.07 

.31 

.09 

- 08 

- 24 

Percentage at age 40-64, Male . 

40 

.41 

26 

43 

.37 

.67 

Percentage at age 40-64. Female. 

.31 

.46 

.11 

44 

40 

.64 

Percentage at age 65 or > , Male. . 

.31 

.37 

- 205 

.05 

61 

.60 

Percentage at age 65 or > , Female 

.24 

.40 

- 02 

.27 

.40 

.64 

Percentage at age 65 or > , All . . . 

.28 

33 

- 085 

12 

.67 

.61 


to the per capita number of policemen, public-service employees and 
other persons who are as frequent in "bad” cities as in "good.” 
Sample facts are shown below. The influence of the mere dilution of 
the adult population capable of counting as artists, musicians, police- 
men, etc., by high percentages under age 15 would be to make these 
two groups of correlations about equally negative. 


The correlation of per cent 
< 16 with per capita 
number of 


The correlation of per cent 
< 15 with per capita 
number of 



200 

295 

male artists 

cities 

cities 

- 48 

-.44 

female artists 

- 50 

-.52 

male musicians 

- 54 

- 56 

female musicians 

- 60 

— .56 

female physicians 

- 31 

-.41 

male dentists 

-.37 

-.46 

male professional except teachers 

- 57 

-.68 

Jemale professional except teachers 

-.51 

-.51 

relations 

-.49 

-.52 

male domestic servants 

-.50 

-.34 

female domestic servants 

-.32 

-.22 

policemen 

.19 

.06 

1 male public-service employees 

-.25 

-.05 

(female public-service employees 

-.45 

-.44 

•rrelations 

-.27 

-.20 
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The correlations of Boy Scouts per capita (f. e. of the percentage of 
the total population who are members of Boy Scout troups) with G, 
I, P and percent < 15 are respectively .56, .58, .36 and — .22 (aver- 
ages of .54 and .58, .57 and .59, .26 and .45, and — .18 and — .26). 
In this case the use of “per the total population” instead of “per the 
number admissible to Boy Scout troups” tends to make the correlation 
unduly high. Consequently, if per cent <15 did not have a substan- 
tial intrinsic antagoni.sm to goodne.ss in cities and in their populations 
it would correlate positively and fairly high with Boy Scouts per 
capita, and its con-elation with Boy Scouts per capita would be little 
altered by equalization for G. Actually its correlations with percent 
< 15 are — .18 and — .26 and are raised to + .08 and — .02 by the 
equalization. 

Wo may obtain an approximate measure of the average antagonism 
of percent < 15 to “good” traits apart from the influence of the mere 
replacement of old by young in the population, from correlations with 
the infant-death-rate (reversed), the percentage which the persons 16 
and 17 years old in school are of all those of that age, average teachers’ 
salaries, the infrequency of child labor, and other items which are not 
taken per capita. For items 2, 17, 18, 19, 21, 201, 202, 213, 214, 238, 
and 239 the median correlations with percent < 15 are — .22 for the 
200 cities and — .28 for the 295. 

A useful approach to the problems of allowance for the age constitu- 
tion of a community in drawing inferences from the correlations of per 
capita items is to compute not only the per capita measure but also 
that per person < 20 years of age, and that per person 20 or over. If 
the last two correlate very closely, one with the other, we know that 
the differences of the communities apart from age constitution are so 
much more important than those due to it that the latter may be 
neglected with a little or no resulting error. 

I have made such computations for some of the measures in the case 
of the states, where the po.sitive correlations of “oldness” with G, I 
and P are closer than in cities and the negative correlations of “young- 
ness” are more negative. The results arc stated below, arranged in 
order according to the closeness of the correlation, which is in every 
case between the number of the thing per thousand persons 20 or over 
in the state and the number per thousand persons under 20. 
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r « .98 or higher 

Installations of gas 
Church membership, Unitarian, 

Universalist and Christian 
Scientist 

Church membership, Roman 
Catholic 
Physicians, F 
Musicians, M 
Designers, F 
Osteopaths, M 
Dentists, F 
Nurses, M 
r «= .96 to .979 
Telephones 
Radios 
Wired homes 

Church membership, Jewish 
Clergy, F 
Nurses, F 

It is evident that in all save eight of the above the correlations will 
be closely the same whatever weight is attached to the residents under 
20 in comparison with those over 20. In the case of the eight, the 
actual correlations of G, I and P have been computed with the meas- 
ures of per 100 under 20 and per hundred 20 or over. The corre- 
sponding per capita correlations from Table 7 are reported here for 
comparison. 

G I P 


Female domestic 

< 20 

all > 20 

< 20 

all > 20 

< 20 

all 

> 20 

servants 

Married women 

. -.26 

-.61 -.60 

.26 

.00 -.13 

-.20 

-.60 

-.38 

employed 

. -.13 

-.26 -.60 

.61 

.38 .13 

-.38 

-.38 

-.50 

Homes owned 

.61 

.50 

.38 

.00 

.50 .61 

.71 

.71 

.79 

Male physicians ... . 

.38 

.44 

.00 

.71 

.44 .26 

.38 

.44 

.00 

Male teachers 

Church membersliip. 

.61 

.38 

.20 

.26 

-.03 -.13 

.61 

.38 

.13 

all 

.26«* 

-.13 -.13* 

.38>* 

.20 -.26* 

.13* 

-.20 

.00* 

Female teachers 

.81 

.61 

.13 

.61 

.26 -.26 

.87 

.86 

.60 

Male clergy 

.13 

-.38 -.60 

-.13 

-.61 -.86 

.38 

-.18 

-.61 


* Approximately, using 1930 populations instead of the means of 1920 and 1 930 populations. 


On the whole it seems that the conclusions based on per capita cor- 
relations for states would not be much modified by any reasonable 
considerations of the age distribution in states, f 

t Since this monograph was accepted for publication I have been able to compute the 
Qorrdations for the 296 cities between the number of radios per thousand of the population 
under age 20 and the number of radios per thousand of the population 20 or over, and simi- 
larly for thirty-four other important itemis. Fourteen of the 35 correlations are .98 or higher; 
6 are from .96 to .979, 6 are from .92 to .959; 8 are from .85 to .919. One is at .81 and one 
at .76. 


Dentists, M 
Osteopaths, F 
Tcphnical lOngineers, M 
r = .92 to 939 

Graduates from high-school in a 
recent year 
Domestic servants, M 
Lawyers, M 
Musicians, F 
r = .85 to .89 

Domestic servants, F 
Married women employed 
r =* .70 to .74 
Homes owned 
Physicians, M 
Teachers, M 

r = .61 Church membership (all) 
r = . 69 Teachers, F 
r = .38 Clcigy, M 
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The only differences over .25 between the G correlations per capita 
and the per 100 aged 20 or over are for male physicians and female 
teachers, whose frequency is less affiliated with welfare when the 
young are left out of account. But obviously they should not be left 
out of account in considering these items. The same holds for the 
correlations of the frequency of physicians and teachers with P. The 
poorer showing of the frequency of male clergymen when only the 
adult population is used supports the conclusion that in communities 
with identical age constitutions, the frequency of clergymen would 
correlate negatively with welfare, income and personal qualities. 


CAUSATION 

Variation in G Scores Determined by Factors in I and P 

The per capita amount of taxable property (call it W) is positively 
related to G, but only by its influence upon /. 

Let TF — a city's score in per capita taxable property 
Let TFr = a city’s score in per capita taxable real estate 
Let / = a city’s score in per capita taxable private income 
Let G = a city’s score in the general goodness of life for good people 
Use the customary notations and rcwr.i for the correlations 
between G and W and between G and Wr in cities identical in L 

Use the formula for partial correlation r^B c ~ — 

The facts for the 200 cities and for the 295 cities are then: 



200 

295 


cities 

cities 

row = 

.28 

.33 

^W1 = 

.51 

.48 

’•Ci “ 

.525 

.70 

^GW.I - 

.01 

-.015 



200 

295 


cities 

cities 

^eWr = 

.27 

.43 

Twrl * 

.59 

.61 

rci « 

.525 

.70 

^CWr.I = 

-.06 

.01 


The variation in G in cities is largely determined by I and P, the 
correlations and the percentages determined by what is peculiar to I, 
what is peculiar to P, and what I and P have in common being as 
shown below. 

CORBBLATIONS 

200 Cities 295 Cities 

Pearson Cosine •kU Average Pearson Cosine vU Average 


I with G 595 . 525 . 56 . 74 . 70 . 72 

PwithG 70 . 68 . 69 . 84 . 76 . 80 

I with P 19 -.05 .07 .48 .30 .39 
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Percentages of the Variations op Cities in G Accotjntbd fob by Their 


I AND P Scores, as Calcodatbd by Path Coefficients 

200 cities 295 cities 

By components of I not related to P 205 . 23 

By components of P not related to I . .43 .375 

By components common to 1 and P 045 .23 

Forces other than those influencing W, 1 or P 26 . 165 


W acts only by what it has in common with I, contributing nothing by itself alone. 


For the 48 states the correlations and determinations are: 


Correlations 

Pearson 

Cosine PI7 

Average 

I with G 

735 

.61 

,67 

PwithG 

87 

.83 

.85 

I with P 

50 

.38 

.44 

Percentages of variation in 

G determined by: 



Components of I alone 

16 

.12 

.14 

Components of P alone 

45 

.47 

.40 

Components common to 1 and P 

27 

.20 

.235 

All 

12 

.21 

.165 


Factors represented by I, P and whatever I and P measure in com- 
mon account for 74% of the variation in the goodness of life as meas- 
ured by G in the 200 cities, 833^% in the 295 cities, and 83 in the 
48 states.* 

G scores without these nine measures have the following con*ela- 
lions: 


■** The reader may wonder whether the inclusion in (J of sonu' of the iteius eonstitutinp: 1 and 
P may not have had an improper influence in elevating the correlations of G with I and P. 
'Che items in question are average salaries of high school it'achers, of olomt^ntary school 
teachers and factory workers (used for both O and 1), and fnxiuency of home ownorsliip and 
rent of telephones, infhKiuency of illiteracy and of deaths from syphilis and homicide, and 
prevalence of doctors and trained nurses rather than male domestic servants (used for both 
O and P). These inclusions may elevate the a)rrelations, but not lraproi)orly if they are 
genuine symptoms of the general goodness of life for good people as well as of per capita in- 
come and desirable personal qualities in the population. The only tiuostionablo one Is the 
inclusion in P of per capita number of telephones. It was put in P as a symptom of intelligent 
care for the family and the convenience of friends, and belongs there. However, I knew that 
it correlated high with G and low with T. and may have been prejudiced by this knowledge and 
have given It too much weight. 

For the sake of readers who wish to know what the correlations would be for a G which 
included no I or P items, I have computed G scores without them. The correlations with 1 
and P are shown below, but, as has just been stated, it would be wrong to use these in place 
of those given above. Cities which have higher wages for teadbers and factory workers, 
higher scores for home ownership, fewer murders and syphilitica, etc. do have in so far forth 
a better life for good people. To exclude such items from G because they elevated the cor- 
relations would be folly. 
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Pearson 

Cosine •kU 

Average 

With I iu the 200 cities . . 

59 

.56 

.576 

With I in the 295 cities. . 

71 

.70 

.705 

With I in the 48 slates 

785 

.71 

.75 

With P in the 200 cities 

61 

.64 

.625 

With P iu the 295 cities . .... 

78 

.705 

.74 

With P in the 48 states 

87 

.83 

.85 


Factors Determining G other than by 
Affiliation with I and P 

The next problem is to find any features of cities which influence 
their G scores other than by affiliation with I and P, 

The procedure is to compute the percentage of the variation among 
cities in G duo to I + P, then that due to I + P + the feature in 
question. The influence of the feature independently of I and P is 
obtained by subtracting the former from the latter. For various 
reasons, these determinations on the basis of only 200 or 295 cities are 
not highly reliable, but they are infinitely superior to guesses. 

If certain features are found to contribute thus, independently of 
P and I, we have the further task of determining how much each con- 
tributes independently of the others. As the number increases, the 
labor of doing this becomes almost unendurable, and when the con- 
tribution seems likely to be less than one-half of one percent, I have 
not undertaken it. 

In computing the percentage of the variation in G due to I + P, to 

I -f- P + Pi (infrequency of illegitimate births and deaths from ve- 
nereal infections other than syphilis), to I + P + Gov., to I + P + 
fewness of Negroes, etc., I have, as a rule, used Sewall Wright^s method 
of path coefficients. It has the merit of allotting the causation in 
each case to what each cause has independent of the others, and to 
what each pair of causes have in common. 

Using correlations computed by Sheppard's formula and shown in 
Table 7, we find the facts of Table 12. 

These additions arc divided clearly into two groups, five being .08 
or more, and five being .02 or less. The first five (P, the composite of 

II and 12, Gov., the physical health composite, and the percentage of 
foreign-bom whites) deserve, on the basis of Table 12, to be tried out 
in multiple correlations. 

The intercorrelations of G, I, P, Ti, 11 + 12, Gov., '' Health," and 
“Foreign" are as shown in Table 13. The multiple correlations and 
percentages of the variation in G in the 295 cities accounted for by P, 
I + P, I + P + Pi, I 4- P + Pi + 11 4- 12, etc., are as follows: 
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Multiple 

Correlations 

Percentages 
of G dc- 

Successive 


with G 

tormined 

increments 

P 

.76 

.5776 


I + P 

.90134 

.8124 

.235 

i+p+Pi 

.92945 

.8639 

.05 

I+P+Pi + 11 + 12 

.93573 

.8756 

.01 

I + P + Pi + 11 + 12 + Gov 

.94213 

.8876 

.01 

I + P + Pi + 11 + 12 + Gov. +“Hcalth” 

.95293 

.9081 

.02 

I + P + Pj + 11 + 12 + Gov. + “Health” 
+ “Foreign” 

.95741 

.9166 

.01 


Table 12 

Percentage of the Variation among 295 Cities in G Determined by bach op 

VARIOUS AdDITIONB TO I + P 


Pi (composite of per capita illegitimate births and deaths from venereal 

diseases other than syphilis) 08 

I + P in the past (composite of 11 and 12) 10 

Gov. (composite of item 270 [approved features], typhoid rate reversed, 

and homicide rate reversed) 11 

Physical health (composite of general death-rate reversed and infant death- 

rate reversed) 12 

Fewness of Negroes 02 

Fewness of children under fifteen years 01 

Equality in incomes as evidenced by amounts paid for rent (or equivalent, 

if home is owned) 00 

Per capita number of men eminent in art, literature, science and affairs 01 

Number of inhabitants per acre — . 01 

Percentage of foreign-born whites 08 


Table 13 

The Intbrcorrblations op G, P, I, Pi, 11 -f 12, Gov., “Health,” and 144 
(Per Cent op Foreign-born Whites) 

For the 295 cities 


P I Pi 11+12 Gov. “Health” 144 

G 76 . 70 . 60 . 72 . 69 . 71 .51 

P 30 . 32 . 66 , 39 . 43 .21 

1 44 .46 .57 . 50 .50 

Pi 34 . 58 . 70 . 68 

11+12 525 . 37 . 37 

Gov. (134+241+271) 63 . 66 

‘Health” (131 +132) 69 


144 (% foreign-bom white) . . 
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The enrichment of P by the items of illegitimate births and deaths 
from certain venereal diseases has thus a substantial influence, and 
there is evidence that if we could obtain adequate measures of the P of 
the past generation, the quality of the municipal government, and the 
physical constitution of the residents, some or all of these would have 
a substantial influence. 

Both of these conclusions are supported by the multiple correlations 
for the 200 cities which remain when suburban cities and cities of the 
Old South are omitted. The intercorrclations are as shown in Table 
14. The percentages of G determined by P, I + P, I + P + Pi, etc., 
and the successive increments for the 200 cities are as follows: 

Percentages 

of G deter- Successive 

mined Increments 


P 4624 

I-fP 7041 .24 

I-fP-l-P, 7756 .07 

I-f-P-t-P, -1-11+12 8065 .03 

I+P+Pi+ll+12+Gov 8484 .04 

I+P+P,+ll+12+Gov.+‘‘HeaIth” 8548 .005 


Some statisticians among my readers may be sceptical concerning 

Table 14 

The Intbbcorkelations op G, P, 1, Pi, 11-1-12, Gov., ''Health”, and 144 

For the 200 cities 


PIP, 11+12 Gov. "Health” 144 

G 68 . 525 . 37 . 66 .51 .56 . 26 

P -.05 -.07 . 465 .03 . 28 -.16 

1 12 . 29 . 38 . 28 . 32 

P, 19 .39 .49 .53 

11+12 37 . 23 ,22 

Gov. 495 .51 

"Health” (131+132) 48 


144 (% foreign-born white). . 

the computation of path coefficients and multiple correlations from 
correlation coefiicients computed by Sheppard’s formula. I have 
therefore computed Pearson coefiicients for the intercorrelation of 
G, I, P, Pi, 11 + 12, Gov., and ‘‘Health,” after first shrinking up the 
skewed ends of the distributions until each is approximately symmetri- 
cal and ‘normal.’ The chief member G requires no adjustment; P re- 
quires only a shrinking from 4 units to 3 beginning a little below the 
median, and then of 6 units to 3. In I there is a progressive shrinking 








THORNDIKE: AMERICAN CITIES AND STATES 287 

(for the 295 cities only). The discrepancies are of about the magni- 
tude to be expected from the data, and do not alter the general con- 
clusions stated above. 

The main conclusion, that the personal qualities of the populations 
(P + Pi) and their incomes account for most of the variation of cities 
in G, holds good by any reasonable method whatever of measuring 
the correlations. For example, if Pearson coefficients are computed 
using the unmodified scores (deviations being taken from the median) 
the percentage of G determined by P I is .856 for the 295 cities, 
and .711 for the 200 cities. If one uses the average of such a Pearson 
coefficient and the Sheppard coefficient, the corresponding figures are 
.874 and .740. If one computes r from the variabilities of the arrays, 
or from the observed departure of the regression line from the line 
which would be found if the highest city in G were the highest in P 
and so on, similar results will be found. 

THE INFLUENCE UPON WELFARE OF VARIOUS 
FEATURES OF THE LIFE OF A CITY OR STATE 

Finally we may consider the causal infiuence, or at least the symp- 
tomatic value, of such features as rapidity of recent growth, immigra- 
tion from foreign lands, the frequency of certain occupational groups, 
the frequency of specially able persons, child labor, and the predomi- 
nance of factories, regardless of whether these are influential upon 
welfare only indirectly via their influence upon income and personal 
qualities. Some of the facts for the cities have been published else- 
where.* These will be repeated here only when they are desirable 
introductions to the new material. 

Rapidity of Recent Growth 

Rapidity of recent growth (1900 to 1930) had a very slight positive 
relation with G (.065), a small positive relation (.175) with 1, and a 
very slight negative relation with P (— .065). For the states these 
correlations arc .43, .36 and .10 respectively. The ''good’’ states 
have grown faster than the "bad” states by immigration and lower 
death-rates, not by higher birth rates. They have in fact smaller 
percentages of the population under 15. 

Sex 

The number of males per 100 females varies more widely than 
common experience supposes — ^from 95 in Massachusetts and Rhode 


*yoiir City, by E. L. ThomdJko, especially Chapter V. 
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Island to 120 in Montana, 123 in Wyoming and 140 in Nevada. It 
is higher in the states high in G and P, but is very little higher than 
average in the states high in I. The correlations with G, I and P are 
.61, .13 and .61, whereas they were .15, .24 and .01 for cities. The 
correlations for states are rather a mystery. Perhaps males arc freer 
to move long distances when attracted by better conditions. Perhaps 
it is a matter of chance. The probable error of the .61 is .20. 

Race and Nationality 

The percentage of Negroes has bad aflGiliations with hardly an excep- 
tion, but its correlations with Income are much less negative than its 
correlations with G and P, being .02 in the 200 cities and — .25 in the 
295 cities. 

The facts for the states are in general the same as those for cities. 
The correlations are as follows: 



WithG 

With I 

WithP 

% Native-born whites 

... .19 

-.19 

.32 

% Foreign-born whites 

. . . .78 

.82 

.82 

% Negroes 

... --.61 

-.50 

-.79 

% Negroes and other colored 

... -.79 

-.38 

-.925 

When the percentage of Negroes is 

partialled out the correlations 

are as follows: 

WithG 

With I 

WithP 

Percentage native-born whites in 200 cities. . . 

,. .34 

-.17 

.635 

Percentage native-born whites in 295 cities. . . 

. . .275 

.03 

.61 

Percentage native-born whites in 48 states. . . 

.. .13 

-.30 

.35 

Percentage foreign-born whites in 200 cities . . 

.. .05 

.47 

-.46 

Percentage foreign-born whites in 295 cities . . 

. .245 

.45 

-.21 

Percentage foreign-bom whites in 48 states. . . 

. .66 

.84 

.48 


When the percentage of Negroes and other colored is partialled out, 
the correlations for the states are: 

With G With T With P 

% Native-born whites 14 — . 26 .53 

% Foreign-bom whites 36 .98 .24 

These correlations are all computed by cosine % U. If the distribu- 
tions for the percentage of Negroes and for the percentage of all 
colored are made to approximate the normal' ’ form by multiplying 
each minus deviation from the median by 2 and each plus deviation 
by 0.5, and Pearson coefficients are then calculated, the correlations 
in states are: 
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With G 

With I 

WithP 

% Native-born whites 

19 

-.13 

.46 

% Foreign-bom whites 

68 

.75 

.58 

% Negroes 

-.83 

-.53 

-.88 

% Negroes and other colored 

-.75 

-.47 

-.83 

When the percentage of Negroes 

is partialled out, the correlations 

for the states are: 

WithG 

With I 

WithP 

% Native-born whites 

29 

-.46 

.21 

% Foreign-bom whiles 

42 

.64 

.16 

When the percentage of Negroes and other colored is partialled out, 

they are: 

WithG 

With I 

WithP 

% Native-born whites 

-.12 

-.36 

.31 


% Foreign-born whites 42 . 70 .10 

The central tendencies of the four partial correlations for the states 
(by the two methods and with use of Negroes and of all colored) are 
as follows (Zeta transformations were used in this case) : — 

With G With I With P 

Native-born whites 11 — . 36 .36 

Foreign-bom whites 47 .86 .27 

As compared with the native-born, after equalization for the per- 
centage of Negroes, the foreign-born are found especially in the 
‘‘better” and richer states, and in the richer cities with inferior popu- 
lations. 

Some of the relevant correlations of the percentage of foreign-born 
white families are appended, but the reader should remember that the 
merits and demerits of the foreign-born will be much more satisfac- 
torily measured by studying individuals than by studying cities. 

Correlation of the percentage of foreign-born whites: 

In the In the 

200 cities 295 cities 


With percentage of the population under 15 years 34 .23 

With fewness of Negroes 465 . 68 

With births per 1000 females 20-44 years 15 — . 01 

With per capita number of factory workers 48 .44 

With per capita number of church members 13 or over 50 .25 

With infant death-rate (reversed) 525 . 67 

With general death-rate (reversed) 31 .68 

With appendicitis death-rate (reversed) 38 .68 

With puerperal disease death-rate (reversed) 34 .63 



290 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Occupational Groups 

Dentists, designers, artists, engineers, musicians, architects, trained 
nurses (female), and osteopaths arc found in large numbers in the good 
cities, which have relatively few lawyers, male nurses, veterinaries, 
clergymen, and domestic servants. The states show the same except 
that lawyers, veterinaries and woman teachers move up while artists 
move down. 

The correlations of the frequencies of certain occupational groups in 
cities with I and P (indices of income and desirable personal qualities 
of intellect and character) were instructive. Dentists, trained nurses, 
male teachers and male musicians were not specially frequent in rich 
cities, but were so in cities scoring high in P. Male artists, architects, 
designers and engineers, on the contrary, are much more frequent in 
rich cities than in cities high in P. In states the second half of the 
comparison holds true, but the first does not. The facts are shown in 
Table 17. 

Table 17 


The Association op Certain Occupations with the Wealth and Personal 
Quauties op a Population 




In Cities 


In States 




Difference 



Difference 


Correlations in favor 

Correlations 

in favor 


With I 

With P of I 

With I 

WithP 

of I 

Dentists (male) , . 

.265 

705-44 

.79 

70 

.09 

Trained nurses (female). 

.145 

305 -.16 

.83 

.55 

.28 

Male musicians 

.065 

.565 - 50 

955 

.39 

56 

Male teachers 

.14 

.51 - 37 

-.03 

38 

- 41 

Artists (male) 

.48 

.255 225 

.925 

2G 

.665 

Architects (male) 

.445 

05 395 

.885 

.03 

855 

Designers (male). 

.635 

.165 47 

87 

39 

.48 

Engineers (male 

.49 

.18 31 

.965 

26 

.705 


Eminent Men 

The percentage of the population listed in Who^s Who and the per- 
centage enrolled in the American Association for the Advancement of 
Science have very low correlations with G and P in cities, but in states 
they are substantial, the fact being as follows: 

Who’s Who with G: in cities .09, in states .23 

A. A. A. S. with G: in cities .175, in states .45 

Who’s Who with P: in cities .045, instates .30 

A A. A. S. with P: in cities .06, in states .33 
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The relations fco per capita income are everywhere closer. Eminent 
artists, literary men, scientists, and the like are rarely produced, still 
less supported, in places of poverty. The correlations with I are .14 
and .275 for cities, .86 and .93 for states. The percentage of A. A. A. S. 
members ranks along with average salary of clerks, retail sales, service, 
hotel and amusement receipts, frequency of professional workers, and 
frequency of artists as a symptom of the per capita income of a state, 
and is clearly surpassed only by the salaries of teachers and the percent- 
age of income-tax returns. 

Women in the Professions 

States differ widely in the relative frequency of men and women in 
F 

the professions. These ^ ratios are practically unrelated to I or P in 

cities (the medians of sixteen such with I being .00; and with P, .025). 
There is a very slight feminist tendency in the better cities, the median 
of the sixteen correlations with G being .08. The median correlations 
for states are .36 with G, .30 with I, and .265 with P, all representing 
probably a tendency of the states superior in the goodness of life, in- 
come and personnel to be willing to try new ways. The correlations 
with the per capita number of osteopaths in the states are of interest 
in this connection. They are .42 with G, .405 with I and .605 with P, 
and are subject to little or no reduction by allowances for differences 
in the age distribution. 

Employment 

The gainful employment of married women, of boys under 15 and of 
girls under 15 is a bad sign for a city or a state. The order of demerit 
is as given, the employment of girls being the worst. 

The correlations are: 

With G With P 



Cities 

States 

Cities 

States 

Married Women 

-.10 

- 26 

- 01 

- 38 

Boys under 15. 

- 535 

-.66 

-.425 

-.555 

Girls under 15 

-.585 

-.79 

-.69 

-.865 


It would indeed be entirely justifiable to include the last (reversed) in 
an extended P index, as well as in the index of the general goodness of 
life. 

Cities and states are able to get sufficient income in other ways than 
by working children. The richer ones work them least, the correla- 
tions with I being — .23 and — .66 for boys in cities and in states and 
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— .146 and — .13 for girls. The case of married women is not so clear, 
the correlations with I being — .08 in cities, but + .38 in states. 

Manufacturing 

I have shown elsewhere that the common diatribes against the fac- 
tory city are largely unjustified, the correlations of percentage of the 
population emploj'ed as factory workers with G and P being slightly 
positive. The facts for the states confirm this. The correlations with 
G and P are both .10. Moreover, though the incomes of factory cities 
are only a bit above those of other cities, the incomes of factory states 
are much above those of other states, the correlation with I in states 
being .60. The presence of factory cities and towns means increased 
income for the farmers and other non-factory workers in the state. 

Sales 

Since differences in income are one large cause of the differences of 
states in welfare as measured by the G score, and since income and the 
intelligence and morality of the populations of the states arc positively 
related, the correlation being .44 (.50 by Pearson and .38 by cosine 
ic U), we must expect that sales of all sorts of things will be positively 
related to G and P via I. It is the differences in the closeness of the 
relation of, say, sales of bookstores and sales of drugstores to G and P 
that are most significant. So in addition to the actual correlations I 
report in Table 18 the difference of each from the median. It should 
be remembered that it is a property of correlation coefficients that a 


Table 18 

The Cobrelations op Eight Sobt.s op Per Capita Sales with G, I and P in 
States, and their Differences from the Median of the Eight 






Differences from the 


Correlations with 

median correlation 


G 

I 

P 

G 

I 

P 

Cigar stores 

.895 

.83 

.66 

.395 

-.02 

.22 

Music and radio stores 

.79 

.90 

,60 

.29 

.05 

.16 

Food stores 

.60 

.925 

.60 

.00 

.075 

.06 

Book stores 

.64 

.706 

.66 

.04 

-.145 

.21 

All retail sales (1933) 

.60 

.866 

.38 

.00 

.015 

-.06 

Drug stores 

.60 

.61 

.38 

.00 

-.24 

-.06 

Service, hotel, and amusements. . 

.60 

.966 

.26 

.00 

.116 

-.18 

Second-hand stores 

.36 

.75 

-.17 

-.14 

-.10 

-.61 

Median 

.60 

.85 

.44 
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given difference up is really greater than the same difference down, 
and especially when the correlations approach 1.00. 

Sales of cigar stores, music and radio stores and book stores are 
specially affiliated with G and P, but not with I. Sales of second hand 
stores and service, amusement and hotel receipts are weakly affiliated 
with G and P, but not with I, Sales of drug stores are weakly affiliated 
with G and P, and I also. The per capita sales of book stores are not 
available for cities. If, as is probably safe, we assume that their cor- 
relations with G, I and P in the 295 cities would be at least .20, .30 
and .30, the facts for cities corresponding to these for states in Table 
18 will be as shown in Table 19. 

Table 19 


The Differences of the Correlations op Eight Sorts op Per Capita 
Sales with G, I, and P from the Medians for the Eight, in Cities 



G 

I 

P 


median r 

median r 

median r 


«.13 

= .23 

= .22 

Cigar stores 

-I-.23 

+ .06 

+ .19 

Music and radio stores 

-.11 

-.19 

+ .03 

Food stores 

+.31 

+ .42 

+ .19 

Book stores 

+ ? 

+ ? 

+ ? 

All retail sales (1933) 

+.03 

+ .04 

-.04 

Drug stores 

-.18 

-.15 

-.14 

Service, hotels and amusements 

-.03 

-.05 

-.16 

Second-hand stores 

-.40 

-.28 

-.38 


These tables give a picture of the good community as neither puri- 
tanical nor miserly, spending little for drugs and cosmetics, staying at 
home with its books, magazines and radio rather than frequenting 
places of entertainment. This is confirmed by the facts concerning 
ownership of automobiles and radios. As in cities, so in states, it is 
not the ownership of the humbler cars that is significant of greater 
total welfare or of better people. The correlations with G and P are 
respectively .72 and .81 for other than Ford,” and only .50 and .61 
for Ford cars. A radio in the home is better than electricity as a sign 
of G and P, the correlations being .25 and .05 higher. 

The Home 

As in cities so in states the number of homes owned per thousand 
population is indicative of G and P, the correlations being .50 and .71 
respectively. The provision of electricity and of telephones in homes 
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is so also, the correlations with G being .50 and .63, and with P, .61 
and .73. 

Church Membership 

From the data given in the 1926 Onsus of Religious Bodies we can 
compute the per capita membership (over 13 years of age) in all 
churches, in Jewish congregations, in Roman Catholic churches, and 
in a combination of Unitarians, Univcrsalists, and Christian Scientists. 
The correlations in cities show the decline in the influence of the church 
upon welfare. For membership in all churches combined they are 
— .21 with G, and — .245 with P. Even with extreme allowance for 
possible influences of difference in the age distribution of the cities, 
they will still be clearly negative. This failure of church membership 
to be affiliated with welfare and desirable personal qualities is not con- 
fined to cities. For the states the corresponding correlations are -■ .13 
and — .20. The Unitarians, Univcrsalists, and Christian Scientists 
are an exception, the correlations for them being .51 and .52 in the 
cities, .61 and .71 in the states. They, however, are notably unortho- 
dox, and opposite in many respects to the general temper of the 
church, so that the positive correlations for them may be taken to 
corroborate the conclusion from the negative correlations for the 
church as a whole. 

The volume of membership in the Jewish congregations and in the 
Roman Catholic church may be in large measure a sign of a certain 
ancestry as well as of religious zeal. Consequently the correlations 
should be interpreted with caution. What we prefer to know of a 
city or state is the percentage of its Jewish population who arc mem- 
bers of Jewish congregations and the percentage of its population from 
predominantly Catholic countries who arc members of the Roman 
Catholic church. These facts are not available. Taking the member- 
ship percentages based on total population, the correlations are as 
follows: 

Cities States 

WithG With? WithG WithP 

Jewish Congregations —.015 —.40 .26 .26 

Roman Catholic Church . ,15 —.205 . 30 .17 

The Jewish and Catholic Churches have perhaps kept the allegiance 
of their better elements more than the Protestant denominations. A 
more penetrating analysis is required to decide this. The higher cor- 
relations may be caused by the confusion of race and religion in the 
statistics, by the infrequency of Negroes in these churches, by the 
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selective immigration into certain states, by the influence of income 
in determining a community’s G score, and by other forces. 

The correlations with I are all positive, being for the Jews, .38 in 
cities and .71 in states; and for the Catholics, .345 in cities and .70 in 
states. For all churches together they are low, .015 in cities and 
.20 in states. It has been shown that the foreign-born, who arc a 
large fraction of the Jewish and Catholic memberships, have been at- 
tracted to and retained by the cities and states with higher incomes. 
They may also have had a substantial share in making these incomes 
high. 

Other Social Institutions 

The per capita membership in Kiwanis and that in Rotary are 
much alike in their affiliations and may be averaged. The correlations 
with G arc slightly negative in cities, averaging — .05, and would be 
more negative after allowance for the larger percentages of adult males 
in the “better” cities. This antagonism is accounted for by the 
strength of these clubs in cities with low incomes (the average correla- 
tion with I is — .24) ; the correlations with P are positive (averaging 
.315), A large membership is characteristic of cities of good people 
with low incomes. As between states the case is somewhat different. 
All the correlations are higher. Those with G average .36; those with 
I average .03; those with P average .355. Membership in these clubs 
is more closely affiliated with the goodness of life for good people and 
with the intelligence and morality of the population (in so far as G and 
P scores parallel these qualities) and less closely affiliated with wealth 
than is membership in the churches other than the Unitarian, Uni- 
versalist and Christian Science denominations. 

The per capita membership of the Boy Scouts makes an enviable 
showing, its correlations with G and P being .555 and .355 in cities 
and .62 and .62 in states. Correction for the influence of differences 
in age distribution would raise these figures. That is, if the member- 
ship figures were not per capita, but per hundred persons aged 10 to 
14, or 10 to 1 9, these correlations would be even higher. The correla- 
tions with I are .58 and .67. 

It will be instructive to compare the essential figures for the per 
capita numbers of certain sorts of persons as shown below. 
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Correlations 

In cities In states 



with 0 

with P 

with G 

with P 

High School graduating class of 1934* 

.375 

.645 

.87 

.93 

Persons having radios 

.80 

.76 

.61 

.66 

Persons having telephones 

.685 

.78 

.63 

.73 

Unitarians, Universalists and Chris- 
tian Scientists 

.61 

.61 

.52 

.71 

Boy Scouts* 

.655 

.355 

.62 

.62 

Kiwanis and Rotary members 

-.05 

.315 

.36 

.355 

Church members 

-.21 

-.245 

-.13 

-.20 

Illiterates (aged 10 or over) 

-.455 

-.755 

-.76 

-.93 


Disparity in Wealth and Income 

The disparity, that is, the variability of the incomes of the families 
of the 295 cities studied can be measured roughly, but very instruc- 
tively, by the disparity in the amounts paid for rent (or equivalent in 
the case of owned homes). It has been shown elsewhere (Am. Jour, 
of Sociology, 44: 25-35, 1938) that parity in incomes is correlated with 
G, but only in so far as it is a symptom of superior personal qualities in 
a population. Among cities identical in P score, parity in incomes has 
zero correlation with G. 

A sinoilar inquiry cannot be made for states because the value of the 
part of a farm property used as a home for the family and comparable 
to a house or apartment in a city has not been estimated and used in 
the census. One can get the reports for non-farm homes for the cities 
and towns above a certain size in each state, but it is unfair to compare 
states on the basis of these. Moreover many of the states report very 
large percentages undistributed save that all are below $10 a month 
rent, or below $1000 total value, with the result that the 5 percentile 
rental cannot be estimated even roughly, much less measured. 

Birth Rate and Size of Family 

In cities there is a very wide range (from below 3 to over 15) in the 
reported number of live births per thousand women aged 20 to 44. 
In 46 states (So. Dakota and Texas do not report the facts) there is a 
wide range, from 7.4 in California, 7.6 in Oregon and 7.9 in Washing- 
ton to 16.6 in New Mexico. The human birth rate in this country is 
now very clearly a psychological and sociological rather than a 
physiological phenomenon. The correlation with G is negative 

* These correlations would be somewhat higher if based on the frequencies Jn the age group 
concerned instead of on the frequencies in the total population. 
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(— .285 in cities, — .53 in states). The correlation with P is - .095 in 
cities, — .14 in states. The correlation with I is — .105 in citie.s, 
— .69 in states. Among communities, as among individuals, the 
better have fewer children. 

The correlations of median size of family in 1930 with G, I and P, 
which average (in that order) — .18, — .01 and — .40 for the two 
groups of cities, are much lower for the states, about — .60 in each 
case. If, as is reasonable, we may suppose that the states had closely 
the same relative positions in respect to welfare and personal qualities 
in 1910 as in 1930, the tendency of the “better” states to have smaller 
families has strengthened since then. 


The Welfare of Cities in Relation to that of 
the Neighboring Country 

There is a widespread notion that cities, especially large cities, gain 
wealth and welfare at the expense of the rest of the country. On the 
contrary, the wealth and welfare of a state as a whole is positively and 
closely related to that of the cities of 30,000 to 500,000 population 
within its boundaries. The correlations between the G, I or P score 
of each of the 42 states which have such cities and the median G, I or 
P score of such cities within it is .97 in the case of G, .84 in the case of 
I, and .97 in the case of P. If the able and good migrate from farms 
and villages to the cities, they probably advance the wealth and 
welfare of the state by doing so. At all events, one of the least promis' 
ing procedures the farm and village readents of a state could take to 
benefit it would be to attack or thwart its cities. 
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INTRODUCTION TO THE CONFERENCE ON 
KINETICS IN SOLUTION 

By Victor K. LaMkr 
From Columbia Unioeisityj Niw York 

The Now York Academy of Sciences has recently inaugurated a 
series of coufcroiicob extending over a two day period upon topics of 
aolive interest in Ihe field of physical chemistry. 

This is the second in the series. The fii’st confeicncc dealt with 
Electrophoresis; the third ^ilh Dielectrics. 

Chemical Kinetics has occupied the continued attention of a great 
many chemists since the birth of physical chcmistiy over half a 
century ago. The names of the inoneers: Wilhclmy, Harcourt and 
Esson, Warder, Van’t llofi, Ostwald and Arrhenius come at once to 
mind. Their fundamental researches dealt almost exclusively with 
ihe rates of chemical reactions in solution. Together with homogene- 
ous and heterogeneous gas kinetics, chemical kinetics in some form or 
other constitutes the major field today of physical chemists in all parts 
of the world. 

Owing to the greater technical difficulties of measurement, it is 
not until the dawn of the present century (1899 to be exact) that one 
encountei’s a homogeneous gas reaction studied as systematically and 
reliably as the solution reactions mentioned above. I refer, of course, 
to Bodenslein’s classic investigation of the kinetics and equilibria in 
the gaseous system, hydrogen, iodine and hydrogen iodide. 

Following the Great War, the investigation of homogeneous gas 
reaciions has no longer been restricted to a very few laboratories but 
has become a v(jry popular field of endeavor. 

The recent interest in homogeneous gas reactions can be traced to 
several causes: to wit; the significant advances in the experimental 
techniques necessary for handling and measuring gaseous reactions 
at both high and low pressures, the failure to recognize the importance 
of chain reactions and free radicals in the early work, the wealth of 
pertinent information available from spectroscopy, the desire to 
reconcile unimolecular processes with collisional mechanisms and even 
to test the ill-fated radiation hypothesis. 

Perhaps the most alluring stimulus has been the hope that by 
eliminating the solvent, the interpretation would become simpler and 
more amenable to unambiguous theoretical treatment. Unfortunately 
this wish has not been realized. It is indeed true that by eliminating 

(301) 
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the solvent one can define nioio piocisely what is meant by colli- 
fcion” or the ‘‘radius of influence’’ of n luoloeule or ion, and thus cal- 
culate the number of collisions between reactant moloiniles with much 
s^rcater certainty than in the piesonce of a solvent. Vnloitunately, 
the oliiniuation of the solvent at the same tim(‘ inlioduces many 
complications which often more than compensate for the advantages of 
its absence. 

From the intensive study of homogeneous gas leactions over the 
past two decades, it now appears that far Irom compheating th(> 
situation, the prc^sence of a solvent often simplifies the chemical 
process from a kinetic viewpoint. By maintaining a more uniform and 
a more rapid distribution of the energy libcu-ated in the chemical 
reaction, the presence of a solvent often completely eliminates unde- 
sirable side reactions. Wall reactions are rarely of any consequence^ 
in solution and chain reactions can bo readily lecognized and intei- 
preted. 

The recognition of the diflicultics of rc ‘producing experimental 
results in gases at least to a precision sufRcicnt to resolve moot points 
has caused a number of workers, who had previously been identified 
exclusively with gaseous kinetics to turn their attention within th(‘ 
last five years to solution kinetics. By bringing fresh points of view 
and experimental experience the kinetics in solution appear to be 
enjoying a renaissance. The analytical procedures available for 
solutions are so precise that the determination of energies of activation 
have now been rcUably measured to =h 50 small calorics for several 
reactions, whereas in gas reactions an energy of activation which is 
reproducible to 500 or even 1000 caloiies is considei’cd exceedingly 
good. 

For this reason many of the finer points in the thcoiy of chcmi(*al 
kinetics, for example whether or not the cncigy of activation is lem- 
peratui’c dependent, cannot be unambiguously clarified by appt'al to 
such excellent data as those of Bodenstein on the hydrogen iodide 
reaction. 

On the other hand, within the past six years, it has been demon- 
strated in more than one laboratory that the cmergy of activation in 
solution reactions is indeed temperature dependent and that an 
appreciable entropy of activation from this source must exist. 

The papers fall into three groups. The first two deal primarily 
with the underlying theory of chemical kinetics as modified by the 
presence of a solvent; the next three with recent specific applications 
of isotopes; the last with applications to organic chemistry. 



THE EFFECT OF SOLVENTS ON REACTION 

RATES^ 

By Kliih J. Laidleh^ and Henry Eyeing 
F)otii PiiY*((Um Uruvfii^ihjj Privaton, N. J, 

We propose to consider the influence of solvents on chemical 
I pad ions of the general typo 

A +B + C-^Af^ + N + O^X+ Y + Z (1) 

in which the initial reactants, A, B, C, . . give rise to the final products 
X, F, Z . with the intermediate formation of the activated complex 
M+. N, 0 . , which wc shall hereafter refer to as intermediates, are 

species which may be produced at the same time as the activated 
complex, and may also appear as final products of the reaction; in 
the denaturation of pepsin five hydrogen ions play this r61c- 
differs from an ordinary molecule only in that it is unstable and has 
four degree's of translational freedom instead of the usual three, the 
extra one replacing th(' degree of vibrational freedom of the bond 
which is broken when the activated complex decomposes. In the 
application of the theory of absolute reaction rates^ the reaction is 
considered from the point of view of an equilibrium between the 
reacting species A, B,C , . on the one hand, and N,0 . . on the 
other. In figure 1 the state of affairs is lepresentcd schematically; in 
order to form the final products the reacting species are required to 
pass over the energy barrier by acquiring the activation energy E, 
From the point of view of ils (*xtra degree of translational freedom, 
which corresponds to its dc'compositiou along the abscissa of the 
figure, the activated complex is regarded as being a free particle in a 
one diuK'iisional l)ox of length 5 within which its partition function is 
{2%mM For the equilibrium between the reactants and the 

adivaled complex and intermediates we have the expression 

,,, (iM^dNClO Cm^CnCo 

I ^ 

(l\(JlhOc CaCbCc CiA^IiCfC 

where the a’s are the activities, the c’s the concentrations, and the 
a’s the activity coefficients with reference to the infinitely dilute gas 

1 Probented in part at the Conference on Kinetics in Solution held by the Section of 
Physics and Chemistry of the Now York Academy of Scionces, February 24. 1939. 

* Commonwealth Fund Follow. Princeton University, 1938-40. 

> Steam & Eyring, Ohem. Rev. 24: 253. 1939. 

< Eynng, Jour Chem Phys 3: 107 1935 
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where there are no interactions between the molecules. Otherwise, 
we may express the equilibrium constant in terms of the partition 
functions of the molecules: — 


Fm^F^Fq- 

FaFbFc' 


( 3 ) 


It is however convenient to separate out from the partition function 
F}j^ of the activated complex that part which refers to the degree of 
translational freedom corresponding to decomposition 


r at — F , 

h 


( 4 ) 


SO that we may write the equilibrium constant as 
F'm^FnFo • i2%7nM ^kry 
Fa F bF c • • • h 

We may therefore write 

h 

where we have defined a new equilibrium constant by 

^ F'm'^FnFo’’' 

s , 

F aF bF c * ■ • 


( 5 ) 

( 6 ) 

( 7 ) 
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Combining (2) and (6) we obtain for the concentration of the 
activated complex the expression 

CaCbCc ayia/jac* • • 

C.V*- = Ao- 3 . (8) 

h CnCo^ * • • 


The rate of Llie reaction is now given by the rate of decomposition of 
these complexes, which are assumed always to be in equilibrium with 
the initial reactants according to (2). The actual number of complexes 
per unit length of the potential energy box at any instant of time is of 
course given by the ratio of the concentration of the complexes (i. e. 
the number of complexes in the box) to the length of the box, viz. 

and the reaction rate is given by this number multiplied by the 
average translational velocity in the direction of decomposition. If 
every complex formed eventually decomposed with the formation of 
the final products of the reaction this velocity can be shown to be 
given by the kinetic theory expression Since however 

there is the possibility that some of the complexes will decompose in 
the wrong direction with th(‘ formation of the initial reactants, this 
expression is multiplied by a ‘^transmission coefficient^' k which is 
equal to the probability of decomposition in the forward direction. 
The total expression for the rate therefore becomes 


Kate = A"o"^ 


h 



CaCbCc 

CnCo 


CaCbCc ' * ocaocbCcc’ * * / kT 

CjyrCo* * * ajlf^OCArao •* \ 

aA(XB(Xc- * • 


K 

(9) 


This is the actual rate of the reaction; if the specific rate is defined as 
the rate at which the reaction proceeds when the concentrations of 
A, B,C. , . and oi N,0. . . are all unity it is given^’ ® by 


kT a^ai?ac’ • * 
ki = K AV . 


( 10 ) 


The activity coefficients have been defined with reference to the 
dilute gas; in the dilute gas they are therefore unity and the rate in it 
is given by 

kT 

= K — — Ko*. (11) 

h 


The rate of a reaction in solution is therefore equal to its rate in the 


6 Wsnme- Jones & Eyring, Jour. Ohem. Phys. 3 : 493. 1935. 
* Stearn & Eyring, Jour. Ohem. Phys. 6: 113. 1937. 
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gas phase (if it here proceeds by exactly the same mechanism) multi- 
plied by an activity coeflScieiit term 

(XnCCO' ■ 

We therefore have here a way of evaluating the rates of reactions in 
solution in terms of thermodynamic quantities, with a knowledge 
of which we have a complete theory. Owing, however, to the present 
lack of knowledge of the intcrmolecular forces operating in the liquid 
phase no complete treatment of a reaction in solution can be made. In 
many cases the best that one can as yet do is to make use of the empiri- 
cal rules which have been put forward concerning the distribution of 
substances between the gaseous and liquid phases. In the present 
paper we attempt to interpret these rules in terms of the intermolecu- 
lar forces and to show how reaction rates can be understood in the 
light of a theory of the thermodynamic behavior of solutions. 

Before proceeding with a discussion of the influence of solvents on 
the activity coeflSicients a, a word may be said regarding the different 
activity coefl&cients which we shall have occasion to use. The activity 
coeflicient a of a solute with reference to the dilute vapor is the ratio 
of the equilibrium concentrations in the vapor and in solution: — 

concentration in vapor 

a = , 

concentration in solution 

the vapor being assumed to be ideal. In solution theory, however, it 
is frequently convenient to employ activity coefficients y which refer 
to the pure liquids as having activity coefficients of unity, and which 
are therefore defined in general by 

concentration in ideal solution 

Y ^ 

concentration in actual solution 

For a given solute os and y are clearly always proportional to one 
another, since 

concentration in vapor 

oc/Y . 

concentration in ideal solution 

The effects on a and y of changing the solvent are therefore the same. 

SHORT RANGE FORCES IN SOLUTION 

In order to obtain some idea of the magnitudes of activity coeffi- 
cients in solution it is necessary to consider some of the experimental 
facts regarding binary solutions, and some of the theories put forward 
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to explain them. Most of our information about solutions is obtained 
from the study of partial vapor pressure curves, which fall into three 
main classes: — 

(1) In a limited number of cases straight lines are obtained, as is 
shown in figuke 2, e\irve a, Eaoult's law being obeyed. Such be- 



FiauniQ 2. Activities, with reference to the pure liquids, plotted against mole fractions. 


havior is probably only found when the constituents of the solution 
arc of a similar chemical and physical nature, as for example with 


I Tonng & Fortey, Jour. Chem Soc. 83; 63. 1003. 

• von Zawidski, Zoit. phytJkal. Ohem. 36: 128. 1900. 
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chlorobenzene and bromobonzone,'^ and othyloiio hroinicle and proj)y- 
lene bromide.® In the^o cases the acHvit^' coofficiouts yi, 72 are unity. 

(2) In a larger numb(T of cases the curves lie above the idc^al 
straight lines (ficsurjo 2, cuives 6 and 1/), and the deviations from 
Raoult’s law are said to be positive. Such curves arc oflcm found 
when the components of the solution aie not very similar to on(^ 
another, and when there is no evidence of any specific attraction 
between the different kinds of molecules. An interpretation of these 
curves will be given later. 

(3) In other cases the deviations from Raoult's law arc negative, the 
curves falling below the ideal straight line. Such behavior appears to 
be found under two sets of conditions: — 

(a) Wlien there is known to be chemical interaction between the 
different molecules, 

(b) When one of the components of the solution is of high molecular 
weight. A number of such systems has been studied.® 

It should be noted that, except in some cases in which veny stable 
compounds are formed between the constituents of the solution, the 
limiting slope of the curve, as the mole fraction of each component 
approaches unity, is the correct Raoult's law slope. I'lie explanation 
of this is as follows. From the experimental fact that partial vapor 
pressures are intensive and not extensive properties of solutions we 
infer that partial molal free energies are not functions of numbers of 
molecules, but of mole fractions only, and hence that total free ener- 
gies, which give the partial molal free energies on partial differentia- 
tion, are linear in the numbers of molecules. From these facts alone^® 
follows the Gibbs-Duhem-Margulcb equation, 

d log Pi dlogp‘2 

,ri .r2- (12; 

dJJi dXi 

in which the x’s are mole fractions, and the p’s partial vapor pressun^s. 
By means of this equation it is very readily prov('d that if the initial 
slope (when the mole fraction is veiy small) of a vapor presbure versus 
mole fraction curve for one component is finite, the curve for the 
other component must have the correct Raoult’s law slope in the same 
concentration region (i. e., if dpjdxi is finite as Xi —> 0, the partial 
pressure curve of component 2 must approach the correct Raoult’s 
law slope as X 2 approaches unity). This point is mentioned here since 

•See especially Br^nsted & Colmant, Zeit. physikal. Ohom. A168: 381. 1034. Bois- 
sonnas, Helv Ohim. Acta 20: 768. 1934. 

10 See e. g. Levis & Randall, Thermodynamics 209. The equation can also be proved 
by statistical mechanics, as is done in rot (14). 
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it shows that the only condition which must be imposed upon the 
partition function of a binary'’ solution in order to obtain the correct 
limiting slope is that the total free energy shall be linear in the num- 
bers of molecules; this is referred to again later. 

Ilildebrand^^ has defined as ^^regular” those solutions in which the 
distribution and orientation of the different molecular species are 
completely random, and in which therefore the molecules can rotate 
freely and there is no combination or association; that is, in which the 
entropy of mixing has the ideal value of 

AS = — Rxi log Xi — IiX 2 log X 2 ^ (13) 

The deviations from Eaoult’s law for these solutions he therefore 
regarded as being due to heat and not to entropy effects. Strictly 
speaking, however, such an assumption is not legitimate in a theory 
which is applied to solutions composed of liquids which are not com- 
pletely niiscible, and a modification of such theories of solution as 
those of Hildebrand and Wood,^^ and of Scatchard,^® in which random 
distribution of the molecules is assumed, is necessary. It will, however, 
be shown that the entropy deviations from ideality are always com- 
paratively small, and that therefore the equations given by these 
theories are very useful from a practical point of view, since they will 
predict the general forms of vapor pressure curves oven for mixtures 
the components of which have different molal volumes. 

Treatments of solutions which take more accurate account of 
molecular ^'ordering^' are those of Rushbrooke,^^ and Kirkwood^® who 
have modified and improved an earlier treatment due to Guggen- 
heim.*® The following assumptions are made: — 

(1) That there is no volume change on mixing. 

(2) That each molecule may be regarded as having a definite coor- 
dination numl)er r which is the same for both components of the 
system (this is tantamount to assuming the molecules to have the 
same sizes and the same molal volumes). And 

(3) T’hat the total potential energy of the system is the sum of the 
contributions of neighboring pairs. If these potential energy contri- 
butions arc 2wilrt 2w%lr and 2 iei 2 /r for 1-1, 2-2 and 1-2 pairs respective- 
ly, and w is defined by the equation 

» Hildebrand, Jour. Amor. Ohem Soc. 51: 66. 1929. 

13 Hildebrand ds Wood, Jour. Chom Phys. 1: 817. 1033 

13 Scatebard, Ohem. Rev. 8 : 321 1931. 

i> Rushbrooke, Proc. Roy. Soc. A166: 296 1938. 

IB Kirkwood, Jour. Phys. Chom. 43: 94 1939. 

19 Gnggenbeim, Proc. Roy. Soc. A148: 304. 1935. 
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w s 2wa — Wi — Wi (14) 

it can be shown that the total potential energy is given by 

W = Niwi + NiU'i + Xw (1 5) 

where the N’s are the total numbers of molecules of the two types, and 
rX is the number of 1-2 pairs in the solution. 

The partition function of a pure liquid can be written in the form 
/2%mkT \W r r / , s 

T?", = f ^ — y J / ( 16 ) 

The Boltzmann factor in the above expression is integrated over the 
total volume of the liquid. In a similar manner the partition function 
of a solution is written as 

F. = f y (17) 

where the J’s signify the free particle partition functions. The inte- 
gration has now to be performed over the separate elements of 
volume corresponding to the two types of molecules. The above 
expression can be written as 

F. = y ...ye--wr (18) 


ance the terms NiWi and NiWi are independent of the volume elements 
taken. In order to remove Xw from the integral it is nccessaxy to 
define a parameter X which is such that equation (18) is identically 
equal to 

F, = e -Wm+N^.+X^)lkT j - , . . y N, (jj)) 


The integral now has to be evaluated. Eushhrooke, following Fowler 
and Guggenheim, assumes that each molecule i.s confined withiu its 
own small free volume vji or vjz and he therefore writes the integral as 


.. Wi„ w« 
V/1 Vji 


(vi + J Vg)! 
iviljvj! 


the factor (iVi -f- i\rs)!/(iVi!iV 2 !) being the number of non-identical 
complexions of the system. According to Hirschfelder, Stevenson and 
E 3 ning'^- on the other hand, the free volumes are pooled among all of 
the molecules, so that the integral must be expressed as 
KNt + mvnPx KNi + 

jyTilAT*! 

17 EjrxiBZ, Jour. Ohem. Pbys. 4: 283. 1936. 

» Hiraehlelder, Stevenson ft Eyiine, Jour. Ohem. Phys., 5: 896. 1937. 
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When the deviations from ideal behavior are caleulated both of thc^sc 
expressions give identical results, since it is readily shown (hat accord- 
inp, to either formulation the extent to which the Helmholtz free energy 
()[ mixing differs from the value it would have wiu'o the solution ideal 
is given by ^ 

AA = Xw. (20) 

It must liowever be pointed out that in the evaluation of the integral 
the free volumes appear in the form 


Ni N 2 


where v/i and Vf 2 are (he free volumes of the pure components 1 and 2; 
if another form were taken, for which the free volumes v/i and v /2 were 
functions of the mole fractions, the energy would be found not to be 
linear in the numbers of molecules, and the partial molal free energies to 
be extensive prop('rties of the system. 

In order to obtain an expression for A-4, which is equal to the Gibbs 
free oner^ AF since* there is no volume change on mixing, an expres- 
sion for X has first to be found. Huslibrooke considers a group of 
r + I moh'cules in the solution and applies the theory of order and 
disorder in a form first used by Bethe^® in the theoretical study of 
alloys. In this way he obtains the expression 


AF = - .Vic 


N 1 N 2 


-w 


m+N2 

I ^ N,N2 
\ *• ! 


I (Ni+NiY \2io 


/ rhT . , _ 

I ^viltkT 


rl'T 

2w 


-')} 


(21) 


from which may be obtained the following expressions for HI, AS 
and the partial molal quantity AFi: — 


NtNi 

MI = AJi = w 

Ni+Ns 

(NrN^Y (rk 
AS = - - 


I (Nx+NiT-K // 

(iVi+AT*)®! 2 V / T / 

RT log Yi = ARi — wx/ — XiXa^ {2x2 — Xi) w ■! — 

( 2w 

2w ) 

(yi is the activity coefficient with reference to the pure liquid). 


( 22 ) 

(23) 


(24) 


i** Bethe, Proc. Boy. Soc. A150: 552. 1035. 
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Kirkwood employs a different (n'ntmont but obtains finally an 
expression which corresponds with the com[])l(‘tely expanded foini of 
Rushbrooke’s equation in the linear and ciiiadralie lin-ins in v\ 
The conclusions based on the two ireatincnls are tlu'refore essentially 
the same. Kirkwood has calculated values of the en(M’p;i(‘s and en- 
tropies under various conditions and has shown that the entropy" 
terms due to ordering are always comparatively small, their contribu- 
tion to the free energy term AF being in the neighborhood of critical 
conditions only of the order of 15%; in dilute solutions they are 
therefore often negligible. This clearly shows that in the majority 
of cases the treatments of Scatchard'^ and of Hildebrand and Wood,^® 
which are more general than those of Rushbrooke and Kirkwood in 
that they apply to mixtures of components of unequal voluiu(‘s, arc 
adequate. The formula of Hildebrand and Wood can be most gen- 


erally expressed as 


/ -^^^2 \ / 2 rj \2 h \\ 

/?riogYJ - Vil j j ( -ji - + - H ) 

\a-jie;i+a:2?^2 / \ /»i c*> / 


where the arc the molal volumes and the F’s 1h(* ])olen1ial energy 
terms. In the special case of van dcr Waals forces, for which E 12 = 
the equation becomes 


/ yr/Eu\C^ /F22\''-1' 

RTlofry.^vA ; ) (— ) ~(— ) . (26) 

\ Xii;i-|-ar2Z^2 / l\ / \ i '2 / . 


It will be seen that equation (25) is identical with the linear term in 
w of Rushbrooke’s equation when the volumes are equal. The higher 
terms in w in this lattcjr equation express the coniribution due to the 
ordering brought about by the forces in the solution. 

All of these expressions predict the correct forms of th(‘ vapor 
pressure curves found experimentally; when vi = vz they give, for 
example, the useful empirical relation of Portei-^* for the logarithms of 
the activity coefficients: — 

log Yi - ^1X2^ and log Y2 == ( 27 ) 

The interpretation of the experimental results in terms of such theo- 
retical expressions can be done very simply. If activities, calculated, 
for example, from Rushbrooke's equation (24), are plotted against 
mole fractions, it is found that Raoult's law is obeyed throughout 
the whole concentration range in the case that w is zero, whereas the 
deviations from the law are negative when w is negative, and positive 

30 London, Zeit. phyedkal. Ohem. Bll: 221. 1030. 

Porter, Trans. Faraday Soc. 16: 236. 1021 * 
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when it ib pobilive. In the last case when w is greater than the critical 
value given by = 1 — 2/r the familiar critical conditions, and 

ihe asbocialod soparationb into two layers are found. The physical 
iut('rpretation of lo is obtained from equation (14); its value tells us 
tlie (^xtent to which the van der Waals attraction between molecules 
1-2 differs from the average of the attractions between 1-1 and 2-2 
molecules. Since the energies are positive in the case of repulsion a 
negative value of tv corresponds to an attraclion between the molecules 
of the diffeient types which is greater than for an ideal solution, while 
a positive value means that this attraction is abnormally small. All 
of this agrees with the chemical evidence regarding the interactions 
between the different types of molecules. 

With these theories it is possible to estimate the activity coefficients 
in solution of molecular species, including activated complexes which 
may usually be assumed to have properties intermediate between 
those of the reactants and the products of the reactions. The effect 
of solvents on reactions may therefore bo predicted by introducing 
these coefficients into equation (10). 

In all of the above theories the intermolecular field has been assumed, 
according to condition (3), to be composed of short range forces, but 
in many solutions we have also to recognize contributions from other 
types of force. In ionic solutions and solutions containing dipolar 
molecules there must be large long range electrostatic interactions. 
In these it is often reasonable to suppose that the electrostatic forces 
arc the more important, since a reasonably accurate interpretation 
of the activity coefficients of ions in solutions and of the components 
of nuxtures of such strongly dipolar substances as water, alcohols, 
amines, etc., can be made by considering only the electrostatic forces. 
It is, however, important to remember that the van der Waals forces 
are always present, although their effects may be masked, and we 
find it convenient to retain terms corresponding to them in all of the 
equations for reaction rates that we develop in this paper. 

The above theories arc not confined to solutions in which the forces 
arc of the van der Waals type; the only restriction is that the forces 
shall be short range. The theories are therefore applicable to solutions 
in which chemical forces arc operating; in these the forces arc attrac- 
tions, and w and the deviations from Raoult’s law are negative. This 
is of great importance in the theory of reaction rates; for example the 
assumption of solvation, supported by the chemical evidence, is 
neccssaiy to explain the influence of ‘'polar” solvents on certain reac- 
tions. 
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We will coiivsider first reactions in which the van der Waals forcH's 
are all-important and the dipole forces imiinportani ; secondly, reac- 
tions between ions; thirdly, reactions betwecMi luailral luolecules 
where the electrobtatic dipolar interactions an' iinportani; and finally 
reactions between ions and neutral nioh'cuh's. 

REACTIONS INVOLVING SHORT RANGE FORCES 
Reactions involving short range forces may he divided into two 
classes according to whether or not they will tak<* place homogeneously 
in the gas phase, and by the same mechanism as in solution. A few 
reactions of the first class have been studied accurately; they include 
the thermal decompositions of chlorine monoxide-**' and nitrogen 
pentoxide,^'^® the bimolecular docompositiou of ozone, both uncata- 
lysed,®’'***® and catalysed by chlorine,®®'®® the reaction betweem nitric 
oxide and chlorine,®®'®^ the ortho-para hydrogen conversion in the 
presence of oxygen,®® and certain Diels-Alder reactions.®* In certain 
solvents which have been defined as inert®^ these react iojis proceed 
at the same rate as in the gas phase; in other solvents the rates diCfer, 
but rarely to any very great extent. Equal rates in solution and in 
the gas phase means that the ratio in equation (10) is unity. This 
situation arises from the fact that the activated comph^x resembles 
the reactants in properties to such an extent that the activity coc'fli- 
cients cancel one another out without themselves necessarily being 
nearly equal to unity; this may be expected particularly in unimo- 
lecular reactions where the differences between the normal and ac- 
tivated state are generally in the interiors of the molecules. Wassc'r- 
mann has suggested however that there is some such cancellation in 
certain bimolecular Diols-Aldcr reactions. 

In certain solvents the same reactions occur with abnormal v('- 
locities. An example is the decomposition of nitrogen peiitoxid<‘ 
which proceeds at an abnormally slow rate in nitric acid solution.®® 
Here it is supposed that the nitrogen pcTiloxicUi is solvated by the 

.i Hinshelwood & Pritchard, Jour. Olieiri. Soc. 123: 2730 1023. 

» Hinshelwood dE Hughes, Jour. Ohom. Soc. 126 : i s 1 1 1 02 

it Beaver ds Steiger. Zeit. physikal. Ohom B12: 03. 1031. 

Daniels & Johnston, Jour. Amer. Ohom. Soc. 43 : 53. 1021 . 
is Eyring d; Daniels. Jour. Amer. Chem Soc. 62 : 1 472. 1 020. 
if Biesenfeld & Bohnholzter. Zeit. physikal. Chem. 130 : 241. 1927. 

Bowen, Moelwyn-Hughes & Hinshelwood, Proc. Koy. Soc. A134 : 2i i . 103 1 . 
i9 Bodenstein, Patelt & Schumacher. Zeit. physikal. Chem. B5: 209. 1020. 

'0 Trauts & Schueter. Zeit. anorgan. Chem. 136: l. 1024. 

31 Trautz ^ Gerwig, Zeit. anorgan. Chem. 146: 1. 1025. 

3* Parkas & Sachsse, Zeit. physikal. Chem, B23: l. 30. 1933. 

Wassennann, Trans. Faraday Soc. 34: 128, 1938, and many other papers. 

1 * See hloelwyn^Hughes, Kinetics of Beactions in Solution 68. 1033. 
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acid, and that there is a consequent lowering of its activity coefficient. 
The activated complex, however, is sufficiently different from th(' 
pentoxide not to form such a compound — or to form a weaker com- 
pound — mth the result that its activity coefficient is not lowered to 
the same extent. The ratio (Xr/joJ^NaOt^ therefore less than unity and 
the reaction slow. This explanation is consistent with the energies 
of activation, an extra energy of 3,600 calories being needed in the 
nitric acid as compared with the inert solvents; this corresponds to the 
additional heat evolved in foi’ming the compound between the normal 
nitrogen pentoxide and the solvent, as compared with that evolved in 
the case of the activated complex. A converse type of behavior to 
this is observed in the formation of quaternary ammonium salts in 
polar solvents, where it is the activated complex which is solvated; 
the result is an increased rate, and an energy of activation lowered by 
an amount related to the heats of formation of the solvating bonds. 

Certain early attempts to correlate reaction rates with solubilities 
may now be considered in the light of the present theory. The 
activity coefficient v of a solute is proportional to the reciprocal of its 
solubility L expressed as a mole fraction: — 

T l/L, (28) 

and since the activity coefficients a and y are, for a given solute, 
directly proportional to one another, the rate of a reaction can be 
expressed in the form 

/ci = const. X (29) 

LaLbI^c’ * ' ‘ 

where ^'const.'^ is a (luantity not depending on the solvent. Dimroth^ 
believed the correct equation to be 

fci = const. X (30) 

LaLbIjc • • 

and performed ineasureincnts on the conversion of the aci-form of 
l-phcnyl-5-oxytriazolc carboxylic ester into its neutral form, finding 
a very good inverse proportionality between the specific raters and the 
solubilities of the reactants for a wide range of solvents for which the 
velocity constants varied by two powers of ten. As is to be expected, 
however, this relationship is by no means generally valid, and an 
opposite type of behavior has been found by von Halban,'"*®*®’'*®® who 
employed the velocity equation: — 

jc Dimroth, Liebii^s's Annalen 377 : 127. 1910. 
von Halban, Zoit. physikal. Ohom. 67 : 129. 1909. 

>7 von Halban & Kirscl^ Zeit. pbyslkal. Ohem. 82: 325. 1913. 

*9 7on Halban, Zoit. phyEdkal. Ohem. 84: 129. 1913. 
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Ai == const. X /vxLi/^z *• (31) 

and found for the decompositions of substituted sulphoniuin sails, 
quaternary ammonium salts, and xanthogemie aci<l a <lir(‘(*t propor- 
tionality between the specific rate's and tiu' soIubiliti(\s of the final 
products. It is clear that these tindinji^s of Oiiuroth and von llalbau 
are to a large extent fortuitous. It must be supposed that in Dimrotlfs 
reaction the variation in solubiUty of tluj activated comi)l('x was 
small, and that in those of von Halban tlu' products rc'sembled the 
activated complexes from the point of view of their behavior in solu- 
tion, and that the variations in solubility of the reactants w(»re small. 
However, the fact that when relationships of this sort are found the 
rates vary either inversely with the solubilities of the reaedants, or 
directly with the solubilities of the products may bc' n'garded as 
significant and as being general support for the theory. 

REACTIONS INVOLVING LONG RANGE FORCES 
Reactions between Ions 

Reactions between ions can be treated in a more quantitative 
manner, since activity cocflBcients of ions in solution have been studied 
theoretically and experimentally in much more detail. For a bimo- 
lecular ionic reaction of the type 

X + Y (32) 

the logarithm of the specific reaction rate is given as befort' by the 
expression 

( kT \ (XAfXn 

K--AV) + log- (33) 

It is here convenient to separate th<‘ artivity coefficients a into the 
two coefficients & and f, of which ^ is the activity coefficient of the 
infinitely dilute solution with reference to the infinitely dilute gas, 
and /is that of the solution which is under consideration with reference 
to the infinitely dilute solution. We thus have the relationship 

« = e/ (34) 

or 

log a = log g + log/. (35) 

In order to evaluate & we need to know the free energy of transfer of 
an ion from a vacuum to the medium of dielectric constant D. We 
suppose that the process takes place as follows. The ion is first dis- 
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charged in a vacuum (D — I') when its free energy increase (in fact a 
decrease, the sign being negative) is given according to by 



where r is the radius of the conducting sphere upon which the charge 
may be supposed to be located. The uncharged ion is then trans- 
ferred to the infinitely dilute solution, when it experiences a free 
energy increase due to the fact thai there are van der Waals and 
possibly other forces between it and its neighbors in the solution; if 
necessary can be expressed in terms of the intcrmolecular forces by 
use of the theories of solutions and of pure liquids. Thirdly, the 
molecule is recharged in the solution, when its free energy increase is 
given by 

2rD ' 

During this pro(*ess of recharging, however, th(' molecules around the 
ion will become polarized by the charge, and will therefore re-orient 
themselves with respect to it. For actual molecules this clectrostric- 
tioii is only partly account'd for by the dielectric constant term in 
the Born expression; in order to take account of the remainder we 
introduce a second non-clectrostatic term The total increase in 
free energy is therefore 

ZH- 

AF = -- + +$' + <&-. (36) 

2r 2rD 


Wo thus have for t.he activity coefficient the expression 

== ~ 

2kTrA \I) / 

and similar (‘xin'CHsions for P/? and Hence 

, /I {Za+ZbY \ , 

2kT\D Vvr.t Vb ‘ rA,t= / 

‘V+<V'+^//+<V'- 


The activity coefficients / refer the solutions of ionic strength F to 
the infinitely dilute solutions, and are therefore given by the Debye- 
Huckcl expression^® with the addition of the non-electrostatio term 


"Born, Zuit. Physlk. 1: 4S. 1920. 

Debye & Hflckel. Pbisiktvl. Znit. 24: 185. 1023. 
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K is given hy 


log/. = - 

2I)kri+a,K 




(31)) 

(40) 


In the derivation of the Debye-Huekel equation the ions are regarded 
as being hard spheres, and is the average distance of closest ap- 
proach of the particular ion ? in question to the other ions in the 
solution; it is clearly the distance of closest approach of the various 
ions weighted by the frequency of their collisions with the ion ?. Th(' 
non-elcctrostatic effects arc therefore treated as if they were entir(‘ly 
repulsions beginning suddenly at this distance. The <h'" terms 
modify this so as to take into account the van der Waals attractions 
which may be of considerable import ance.^‘^'‘ It is clear that will 
have different values for different ions which are in solution with the 
ion i. Combining the expressions for the activity co(‘IRcients of ri, B 
and wo have 


log 


JaSb 

/k* 








Zr?K 




2DkT Xl-jraAK. l+ttBiC / 

kT 


(41) 


Since it is the case that the a's are not of great importance at low ionic 
strengths, and that their effects become vanishingly small as the limit 
of zero ionic strength is approached, it is convenient here to follow the 
usual practice and make use of a single a terni, so effecting a coiKsider- 
able simplification in the form of eciuation (41). This a has not a 
simple physical significance in that it is a m<'au of thr('(^ t<'riiib wlui'h 
arc themselves mean values. We write, as an a])i)roxiniation, 


whence 


log 


fAfs 


C^A ^ dB ^ OM-i =“ (t 


DkT 1+aK kT 


(42) 

(43) 


The complete expression for the rate of the reaction therefore becomes, 
if vre write etc., 


A quantitative theory of ionic solutions which takes into account the short range 
van der Waals forces has been dev^oped by Ouggenheim, Phil. Mag. 19: 688. 1936. Cp. 
Eley & Evans, Trans Faraday Soc. 84: 1093. 1938. 
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/ hT \ s* /I \ 

.og h- 10, (.-AV) + -(--!) 

/ Za^ Zi? {ZA+ZBy\ ZaZb K 

f ^ ] ^ (44) 

\ O, vm^ ) DkT 1+aJC kT 


in which the approximation of equation (42) has been retained. 

This formula may be contrasted with that obtained by Scatchard^’ 
who based his treatment on an earlier theory of Christiansen.^ If 
/co is the rate of the reaction in the gas phase when the ionic strength 
is zero and the dielectric constant unity, Scatchard's formula can be 
written as 


log ki = log fco “ — 



ZaZb 

Ta+Tb 


+ 


ZaZb K 
DkT 1+aK 


(45) 


It is seen that the second term of this, which should be the counterpart 
of the Born term in (44), has a different form from the latter; no 
simple approximation in either will make the two terms the same. 
As Scat chard agre(\s,^^a Uiq difference is in models rather than in the 
fundamental t factory. In his treatment the activated complex is 
assumed to be a double sphere, the spheres bearing the charges of the 
original reactants; in ours the activated complex is taken as spherical 
both as to shape and charge distribution. 

An application of the Christiansen-Scatchard formula to the reac- 
tion between bromoacetate and thiosulphate ions has recently been 
made by LaMeiV* who evaluates ta + tb from the slope of the line ob- 
tained by plotting the logarithm of the rate extrapolated down to zero 
ionic strength against the reciprocal of the dielectric constant. This 
curve is shown in fioukk 3, the data being taken from the work of 
LaMer and KaniiuT,^* Fessendim,^^ Tomlinson,^ and of Straup-(^op(^ 
and Cohn,^^ and of Kagl(‘ and Warner,''^ all of whom used the sodium 
salts of the anions. The points are seen to lie on a good straight line, 
the slope' of which corresponds to a value of Ta + tb in (45) equal to 5.1 
A. From t h(' way in which the rate of the reaction varies with the ionic 
strength at constant dielectric, a has been found to be equal to 6.4 A. 
As already mentioned a is only a moan value which varies according to 

Scatchard, Jour Am. Oiiem. Soc. 52: 52 1930. Chom. Itov. 10 : 220. 1932. 

1 ^ Christiaiisen, Zoit phytdkal. Oliem 113: 35. 1924. 

42a Scatebard, Jour. Ohom. Phys. 7 : 657. 1939. 

44 LaMer, Jour. Franklin In&titute 225: 709. 1938. 

14 LaMer & Eanmer, Jour. Am. Ohom. Soc. 67 : 2669. 1035. 

4t> LaMer & Fessenden, Jour. Am. Chem. Soc. 54: 2351. 1932. 

4« Tomlinson, Ph.D. Thesis. Columbia University. 1939. 

47 Straup-Cope & Cohn, Jour. Am. Chem. Soc. 67: 1794. 1035 

4»Eae:le ds Warner, Jour. Am. Chem Soc. 68: 2335. 1936. 
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what other ions are present in the solution, and therefore close' (x%ivq^ 
ment between the value of a and + )'b is not to be expected. The 
value of ta + tb which is found on this theory is of cotiiso reasonahle. 



Fiottre 3. The logarithm of the specific rate extrapolatod to zero ionic stiength plottod 
against the reciprocal of the dielectric constant, for the bromoacetate- thiosulphate reaction , 
BrOB »COO"“ 4- **. The slope of the line through the points corresjwnds to the following 

^hromoacetate * A; ’'thiosulphate “ 1 7 A; complex " 5 0 A. T « 25® O. 

It is unfortunate that values for the ionic radii are not available, since 
as yet a precise application of (44) and (45) is impossible; however, when 
reasonable values of the ionic radii of the reacting ions and the activated 
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oomplox for Ibis reaction are talen (j-bromoacetate = 3.3 A; niuosuiphato = 
1.7 A; r(.„rai)i«‘K = •'^•0 A) the slope of log kr^o against IfD can be 
explained exactly on our model. It is thus clear that neither ( 14) nor 
(45) ifa inconsistent Avilh the ro.sults, and that further work i.s reqnirc<l 
to establish which is the Ix'tter model of the two. 



I^'kiuki I Jtoaction )iNdrox>l tons and broniplienol blue, (DrlMili) -* + Oir~. 

IMio lofifaritJini of tbo srx’cillc ra.t<j extrapolated to sroro ionic strength plottinl against the 
rooiproeal of the dlolectric const iiut Tomperaturt^ * 25® O 


111 FiGuiiK 8 considerable ehanges of slope' are found at values of 
1 /jD above .013; tht* effect Is certainly real since determinations 
giving other points at lower dielectric constants have confirmed it.^* 
The effect amounts to a diminished influence of dielectric constant on 
the rate of the reaction at low dielectric constants. The explanation 
is most probably that in a mixed solvent containing water there will 
be a preferential adsorption of water on the ions with the result that 
when solvents of lower diclcctrie constant are added their effect will 



322 


ANNALS NEW YORK ACADEMY OF SCIENCES 


not be as groat as if the solvent molecules wore randomly distributed.*’' 
Another example of the phenomenon has recently been provided by 



Anus and LaMer*® for the reaction between bromphenol blue and 
hydroxyl ions, some of the results for which are shown plotted in 

48a Similar deviations at low dielectric constants, probably duo to the same causo, are 
found in other works (e. Minnick & Kilpatrick, Jour. Phys. Chem. 43; 250. 1939, 
acId-bMe equilibria; Hamed & Embree, Jour. Am. Ohem. Soc. 67: 1669. 1936, Harned & 
Kazaniia, Jour. Am. Chem. Soc. 68; 1812, 1936, dissociation constant of acetic acid). 

4« Amis & LaMer, Jour. Am. Ohem. Soc. 61: 905. 1939. 
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FiGURK 4. The^e rosults are also interostinp; in that they show Ihc 
effect of the noii-cleetrostalic forces, the slopes beinp; different for 
ethyl alcohol — water and methyl alcohol — water mixtures. Other 
results which may also be interpreted in terms of preferential adsorp- 
tion of water arc those for the hydroxyl ion hydrolysis of the tri- 
methyl sulphonium cation,®® plotted in figure 5. Here, owing to the 
fact that the reacting ions have opposite charges the effect of changing 
the dielectric constant is the opposite to what it is in the above ex- 
amples (see later), but again the rates at low dielectric constants are 
more like those at high dielectric constants than would be found if the 
solvent molecules were distributed at random. 

Reactions between Dipolar Substances 

When we come to deal with reactions in which the reactants are 
uncharged it is certain that the van der Waals force's cannot be 
neglected except as a very rough approximatioTi. The evidence, 
however, is that in the cases of solutions containing water, alcohols, 
amines, etc., the dipolar forces are of somewhat greater importance 
than the non-electrostatic ones. It is therefore natural to attempt to 
treat certain reactions involving fairly strong dipoles in terms of the 
electrostatic dipolar forces. The type of treatment to be described 
here has been applied iii some detail, but in a rather different manner, 
by Steam and Eyring.®^ 

Kirkwood^^ has given for the free energy of transfer of a strong 
dipole of moment [x from a vacuum to a medium of dielectric constant 
D an expression which, when the charge distribution within the mole- 
cule is symmetrical, becomes 

D-1 1 

AF = *!riog & = - (46) 

^ a^l2D+lj 

where a is the molecular radius. Correcting this as was done above by 
the addition of a non-clcctrostatic term $ we have 

u^r D — 1 "1 

AP=JI'log9---[— J + *. (47) 

Other less accurate expressions than that of Kirkwood had previously 
been given by Martin,®® and Bell.®^ Bell®® has also shown that ex- 

60 Oleave, Hoirbes & Xnifold, Jour Chem Soc. 236 (1935). 

» Stearn is Boxing, Jour. Chem. Phys. 5: 113. 1937. 

M Kirkwood, Jour. Chem. Phys. 2; 351. 1934. 

Martin, Phd. Mag. 8: 547. 1029 . 

“Bell, Tmiuf. Ffvraday Soc. 27; 797. 1931. 

ftoBell, Traiut. Faraday Soc 31: 1557. 1935. 



324 


ANNALS NEW YOliK ACADEMY OF SCIENCES 


pression (46) cannot be expected to apply when the diolcctiic constant 
of the medium is low, and tliis has been ftmnd to be (he case; but the 
expression is of great value in dealing with fairly coticenlrated solu- 
tions of polar molecuh's, in which it can be ashuined that the eh'ctro- 
static forces are of ijrimary importance. Very good agreement 
between the theory and experiment htus been found, particularly by 



FiaviinO PlotoftheloRarltbmoftlieactivitycoolUclont (T)again<sttIiomnrtlon (n - 1)/ 
(2D + 1) for mlxturos of some dipolar molecules -with lienzcne. T 70° C'. 

Martin and his collaborators,'®"*® who liavc obtained satisfactory 
straight lines of reasonable slopes on plotting the logarithms of the 
activity coefficients against the function {D — 1)/(2Z) 4- 1), deviations 
from linearity only being found at low dielectric constants. Some 
typical curves are shown in figure 6. 

Martin & CoUiei Jour. Chem. Soc. 2665 (1932). 

” Martini Trans. Faraday Soc. 30; 759. 1934. 

58 Martin & Qeorge, Jour. Chem. Soc. 1413 (1933) 

8 Martini Trans Faraday Soc. 33: 191. 1937. 

58 Martin & Brown, Trans. Faraday Soc. 34: 742. 1938. 
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Applying equation (4.7) to the bimolccular reaction 

A+B^M*->-X + Y (48) 


we obtain the expression 
/ kT \ 

logAi = log! K— /CoM - 


1 D-L r _ ^1 ^ 

kT 2D+1 L ^ 


(49) 


where D is the dielectric constant of the final solution formed. Pro- 
vided the non-elcctrostatic terms are small enough to be neglected as 



FiQtTBiD 7. The logarithm of the specific rate plotted against (D — 1)/(2I> + 1) for 
Quaternary ammonium salt formations in alcohol-benzene mixtures. T »" 29® O. 




eo 
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an approximation we expect to obtain straight linos on plotting the 
logarithms of the specific rates against (D — l)/(2/) +1); or, since 
the dielectric constants of dilute solutions do not dilTor greatly from 
those of the pure solvents, against the corresponding function in 
which the more available dielectric constants of the pure solvents 



Figubb 8 . The logarithm of the specie rate plotted against (D - 1)/(2JD + 1) for the 
add hydrolysis of ethyl orthoformate (HaO + HC(OBt) 3 ). the alkaline hydrolysis of ethyl 
benzoate (HiO + PhCOOBt), and the water hydrolysis of tertiary butyl chloride (IlfO + 
(OHOoCCl). 
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arc used. This has been done in figure 7 for two quaternary ammo- 
nium salt formations*'®® in alcohol-bcnzcnc mixtures,®^ and in figure 8 
for ihc water hydrolysis of tcrtiaiy butyl chloride, for the acid- 
oat alysod hydrolysis of orthoformic ester,®® and for the alkaline hydro- 
lysis of ethyl benzoate,®* the last three in alcohol-water mixtures; it 
is shown later that from the point of view of solvent influence an 
ester hydrolysis reaction should be regarded as a reaction between 
two dipoles, the ester and the water molecule. In these five cases 
the agreement with the theory is as good as can bo expected. On the 
other hand when nitrobenzene is one of the components of the solvent 
considerable deviations are found, as is shown in figure 9, in which the 
same reactions as arc plotted in figure 7 arc plotted for benzene- 
nitrobenzene mixtures.®^ It is seen that in solutions rich in nitro- 
benzene the reaction proceeds much faster than the theory predicts. 
Moreover a careful examination of the data concerning the formation 
of quaternary ammonium salts shows that such specific solvent 
eilects arc very common. Grimm, Kuf and Wolff,®® for example, have 
studied the r(*action between tricthylaminc and ethyl iodide in a 
variety of different solvents, and their results show that the rates and 
the dielectric constants arc not even in the same order as one another, 
although, as was pointed out by Mensehutkin,®® there is a rough cor- 
relation bctwcci;! the two, in that the reaction does tend to be accel- 
erated by solvents of high dielectric constant. The explanation of the 
specific effects can bo formulated in terms of the non-electrostatic 
terms 4>. Probably the most important effect contributing to these 
terms is the solvating power of the solvents. Thus, examination of the 
solubilities®’' of amines, iodides and quaternary ammonium salts in 
benzene and nitrobenzene, and of the conductivities®® of the resulting 
solutions, lias shown that in nitrobenzene the quaternary salts arc 
soluble and ionised, and therefore probably solvated,®®* whereas in 
benzene they are only slightly soluble. The solutions of the amines and 

BOB M'tie numerous nv^ultH of Fairdougli and Hinshelwood on tho p> ridino-iuetlo 1 iodido 
reaction (la^fn. 01 and 88) show considerable deviations from linearity; this Is attributed 
to tho fact tliat in nLQtii>l iodido tho dipole is imbodded in tlio molecule with the robult 
that tho <lipolar oITocis will bo subsidiary. 

>1 Muebm, Ginsbergr & Moissejewa. Ohom. Zentr. 2: 2376. 1026. 

0* Hughes, Jour. Ohem. Soc. 255. 1036. 

•t 3B!ajmed & Samaras, Jour. Am. Ohem. Soc. 54 : 0. 1032. 

««Fairclough & Hinshelwood, Jour. Ohem. Soc. 538 (1037). 

> Grimm, Buf & WolS, Zeit. physikal. Ohem. B13 : 301. 1931. 

Menschutfem, Zoit. physikal. Ohem. 6: 41. 1800. 

07 E ( 7 . Bjerrum & Jozefowics, Zeit. physikal. Ohem. A159: 104. 1032. 

B. ff, Walden, Bull. Acad. Sci Petersburg 7 : 427. 1013. 

The term **solyatod'* is here used in its most general sense to refer to any form of 
association between solute and solvent which is accompanied by heat evolution. 
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iodides however arc normal, in (hat their deviations from ideality are 
probably not large. Steam and Eyriug'’* have shown that whereas in 
the formation of quaternary ammonium salts the activated complex is 
not ionic, it has a considerable dipole moment, and therefore can be 
regarded as approaching the salt in general properties. lienee m' may 
suppose that the high velocity of the reactions in nitrobcnizeiu* is due 



Fioube 9. The logarithm of the 8i>eciflc rate plotted against (JD — 1)1 (2D -f 1) for 
qna ternary ammonium salt formations In benzene>nitrobenzone mixtures. T 20** C. 
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1o ihi' holvaiioii of the activated complex, on accoiuiL of which its 
activity coefficient is very low. In terms of the fiinclioiis we may 
say that even in nitrobenzene <t>j and <I>/i are fairly normal, but that 
o'winp: to the solvation the term 4>ir^ is very small. Benzene may bo 
(‘onsidered to have the converse effect to nitrobenzene, for since the 
solubility in it of the activated complex is low (this we infer from the 
fact that the product of the reaction is only slightly soluble) 
and will be large' and the reaction slow. The fact that the 
Menschutkin reaction will not proceed in the gas phase, however, 
shows that even in benzc'ne the solvent must effect some sort of 
stabilization of the partially ionised complex. 

It is clear that before these reactions can be treated more quanti- 
tativel}’' many more activity coefficients need lobe determined, such 
data being particularly meager at present. 


Reactions between Ions and Neutral Molecules 
We consider reactions of the geiK'ral type 

+ ]}o ^ .V + r, ( 50 ) 


hcr(' Za^ ks th(' charge on and . The activity coefficients of the 
ions A and are given by the oxpiessions 

/I \ ZaV K 

( -~J) + bAV + — (51) 

2rAkT\D J 2DkT^' r. ^ ^ 


log 


/I \ ZxV 

log OE^if ^ = ( 1 ) 

2rAkT\D } 2DkT 1 


2DkT I+qaK 
K 




hn r + 


hT 

kT 


(52) 


in which we have now included the semi-empirical &r terms of IIlickcl®° 
in addition to the non-electrostatic terms To obtain an expression 
for (Xn we employ the expressions for the free energy of transfer of a 
neutral moh'cule from the vapor to a medium of dielectric constant 
/>o (which is that of th(' solution to which B itself has bc'cn added, but 
in wliich the ions arc not yet present), and then for the free energy 
increase brought about by the addition of the ions. For the first of 
these wc use the Kirkwood formula modified by the introduction of 
the non-elcctrostatic terms (equation (47)), for the second the ap- 
proximate expression given by Debye and McAuIay^® which relates the 
free energy of the process to the extent to which the dielectric constant 
of the solvent is altered by the addition of the non-clcctrolytc: — 


«» Huckel, PhyMkal. Zeit. 26: 03. 1925. 

0 Debye ^ MoAulay, Pbybikal, Zeit. 26: 22. 1925 



330 


AXNALS NEW YORK ACADEMY OF SCIENCES 


as* Zt 

AF=fcriog/ = — S (53) 

2D » n 


where n, is the number of ions of type ? and radius r, per cc.; a is 
defined by 

D' = Do' (1 - ans) (54) 


where Do is the dielectric constant of the pure solvent, and D' that of 
a solution containing ns molecules of the non-electrolyte B per cc. 
The activity coefficient can therefore be expressed as 


log as = - 


1 pDo-llp.B* , as® _ $b 

fcFL2Do+lJ^ 2DkT t ~n' fcT 


(55) 


and we have finally for the rate of the reaction the expression 

/ kT \ ZjiH- / I \ / 1 1 \ Z/s* 

. log(K-X.*) + _(^-l)(---) 


( ^ 

V 

1 \-Do-l- 

\1+uaK 


kT L 2 D 0 +I. 


ae^ 


V DrhT. 




TzT 


(56) 


where r is an average value of the r/s. In the limit of very small 
ionic strengths the mean radii and aM^ can be regarded as equal, 
since theh effects as P — » 0 become vanishingly small, and we there- 
fore have for the rate 


/ kT \ 
log ki = log ( K— j 

r Do—l "I 




“ Do— 1 “I / ae^ \ 

-2Do+lJ ^ V DrkT/ 


2kT 
bx* 


\D J\rjL rji*/ kT 


r + *''+**"*"* ■ (57) 

nil 


It will be noted that the Debye-Htickel terms have here vanished, 
so that there should now be a correlation between log h and P instead 
of VT as in the case of ionic reactions; this has often been observed.^^ 
Another test of the form of this equation would be to plot the loga- 
rithm of the rate constant, extrapolated to zero ionic strength, against 
the reciprocal of the dielectric constant, selecting reactions in which 
the dipole moment of the uncharged molecule is zero, and for which 
the Kirkwood term disappears. According to equation (57) straight 
lines having slopes equal to 


« B. 0‘f Br 0 nsted & Wynne-Jones, Trans. Faraday Soc. 26 ; 69 . 1929 . 
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/ I 1 \ 

2fc r W ^ 7 ^) 

should be obtained. Unfortunately, for reactions which have been 
studied in a range of solvents, data which otII allow extrapolation to 
zero ionic strength are not available. However, the ionic strength 
effect on reactions of this type is very small, owing to the cancellation 
of the Huckel and Debye-McAulay terms in (57), and it is therefore 



Figttbb 10. The logarithm of the specific reaction rate plotted against the reciprocal of 
the dielectric constant for the hydrochloric add-catalysed conversion of N-chloranilides into 
the p-chloranllides. T » 25** C. 
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sufficient for the time being to use the ordinary uncxtrapolated 
constants, and the dielectric constants of the pure solvents. This has 
been done in figure 10 for the transformations of N-chloracetanilide 
and N-chlorpropionanilide into the p-chlor-compounds in the presence 
of hydrochloric acid,” reactions which maj' involve an initial attack by 
the chloride ions. It is seen that good straight lines are obtained. 

Summary of Solvent Effects in Reactions Involving 
Long Range Forces 

"We may now summarize and elaborate our conclusions of the last 
three sections with regard to the effect of solvents on reactions in which 
the electrostatic forces are of primary importance. For purely ionic 
reactions the slope of the curve obtained by plotting the logarithm of 
the rate at zero ionic strength against 1/D is equal, according to 
equation (44) to 

2kT LVa tb J 

the non-electrostatic effects being assumed to be negligible. If the 
charges on both of the reactants are the same this expression will in 
all probability be negative, since the radii appear to the first powers, 
and will therefore have a much smaller effect on its magnitude than 
the ionic charges which appear to the second powers. We therefore 
expect the rate of a reaction between ions of the same sign to be in- 
creased by an increase in the dielectric constant. It appears that 
this is always the case; examples are the reactions between thiosul- 
phate and bromoacetate ions, and between bromphenol blue and 
hydroxyl ions. When however the charges are of opposite sign the 
slope will be positive, and the rate at zero ionic strength diminished 
by an increase in the dielectric constant. An example of this is the 
hydrolysis by hydroxyl ions of the trimethylsulphonium cation. 
These same qualitative conclusions were pointed out by Scatchard 
from equation (45). 

If the charge on one of the reactants (B) is zero, and this molecule 
has no dipole moment, the slope is given by equation (57) to be 

Z££jl ^ 1 1 

2kT \jrA rjjr=^J 

This will always be positive, since the radius of the activated complex 
will be greater than that of the ion A ; moreover the sign is unlikely to 


72 Poatein, Rec. Trav. Ohim. 47 : 635. 1928. 
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be altered even if J5 is, a dipole since the dipolar effects are small. 
The rates of reactions of this type will therefore be diminished by 
increasing the dielectric constant, whatever the charge on A. This 
is found to be the case for all of the reactions between alkyl halides 
and hydroxyl, alkoxyl and halide ions. This effect could not be 
anticipated from equation (45). 

In the case of reactions between dipoles the slope of log Ar*o 
against (D — 1)/(2D + 1) is given by equation (49) as 


1 r 



kT L 






This may be positive or negative according as the dipole moment of 
the activated complex is large or small in comparison with those of 
the reactants. For reactions in which the final products are ionised 
it is reasonable to assume that the moment of the complex is large, 
so that, since (jD — 1)/(2D + 1) increases as D increases, reactions 
of this type should be accelerated by solvents of high dielectric con- 
stant. Reactions between amines and alkyl halides, and vrater 
hydrolyses of halides, which are reactions in which the products are 
ionic, are accelerated by such solvents. 


The Hydrolysis of Esters 

The authors are not aware of any real exceptions to these simple 
rules, but the acid and alkaline hydrolysis reactions of esters are 
apparent ones. These are reactions between ions and neutral mole- 
cules, and might therefore be expected to be retarded by ionising 
solvents; in fact they are accelerated, as is seen from the curves in 
FIGURE 8. The explanation is clear when the mechanisms of the two 
reactions are considered; these are, according to the scheme suggested 
by Lowiy^® and substantiated by much later work: — 
acid hydrolysis: — 


0 

II I — V 

HOH + R - C - OR' + H+ 

I ^ 


-0 H 

R - C - (!) - R' 
I + 

OH 


-> RCOOH + 
HOR' + H+; 

( 58 ) 



» Add hydrolj-sis, e. t. Hatned & Samaras, ref. (63). 
n Alkaline hydrolysis, e. g. Fairelongli & Hiashelwood, ref. (64). 

» See Waters, "Physical Aspects of Organic Ohemistry", chapter 12. loss. 
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alkaline hydrolysis: — 

0 

II i V 

HO- + R - C - OR' + HOH 

I ^ 


-O 


H-' 


OH- 


I I 

R - C - 0 -R'->RCOOH + 

I + HOR' + H+; 

OH (59) 


the arrows indicate the movements of the electrons. 

The specific rates of the reactions, in terms of the activity coefficients, 
are therefore : — 


acid hydrolysis : — 

, %=o W «H+ 

ki = k—Ko^ 

h ®^comiJc\ 

alkaline hydrolysis: — 

r n- * “oH-««t««ao 

«1 = K Ko* 

h ^^complex 

while the actual rates are: — 


(60) 


(61) 


acid hydrolysis:- 


1>1 = K. — Kt* Ch^ carter Ch+ 

fl ^comidex 


alkaline hydrolysis 


^3" «OH““e8ta *H,0 , „ - 

J)l = K — Ko^ Cqh Certef Ch.O. 


-^comirfex 


(62) 


(63) 


The catalysing effects of the ions are interpreted as usual as being 
due to the fact that the ions are involved in the reaction; they may 
also have some effect on the activity coefficients of the activated 
complexes. The influence of the solvent is interpreted in terms of the 
hypothesis that the activated complex is even more polar than the 
reactants, one of which is an ion. Owing to the peculiar structure of 
the activated complex it is no longer correct to regard it as a spherically 
symmetrical ion; in particular the hydrogen or hydroxyl ion which is 
about to be split off when the activated complex decomposes is 
probably to be regarded as being nearly fully charged in the complex. 
There is therefore virtually no increase in radius of the (hydrogen or 
hydroxyl) ion when the complex is formed; in addition an extra 
separation of charges takes place. The acceleration of the reaction 
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by ionising solvents is therefore understandable from this point of 

The conclusions of this and the preceding section are collected in 
the accompanying summary. 


Summary of Solvent Effects 

Effect of Increasing 

Reaction Type Dielectric Constant Example® 

Reaction between two ions: — 


(a) Charges of like sign Rate increased 

(b) Charges of opposite sign Rate diminished 

Reaction between an ion and Rate diminished 
a neutral molecule 


Reaction between two dipolar Rate increased 
molecules with the forma- 
tion of a polar product 


BrCHsCOO- + S,0* = 

OH- -I- (BrPhB) * 

OH- + MeS^ 

OH- + " 

OR- -f RX 
X- + RX«>« 

Me 2 -t-Bu-S+ + HaOw 

RsN +RX 
H*0 + RX 

Acid and alkaline hydrolysis 
of esters 


HEATS AND ENTROPIES OF ACTIVATION 

The equilibrium constant in the rate equation (10) may be 
expressed as a free energy: — 

Ki* = (64) 


and therefore in terms of a heat and an entropy: — 


Ka* = ( 65 ) 

AFo*, A7/o* and ASo* are the free energy, heat and entropy changes 
taking place in the process of activation for the reaction proceeding in 
the infinitely dilute vapor. In order to find the corresponding terms 
for the reaction in solution the activity coefficients must be expressed 
as free energies. Thus we define AF*a^ by 

AF*o^^ = RT log (66) 

7-a The authors are indebted to Professor George Scatchard for a discussion of this 
question. 

7o De Bruyn & Steger. Bee trav. cblm 18 : 41, 311. 1899. 

77 Hughes* Z^igold & Shapiro. Jour. Chem. Soc. 225. 1936. 

78Berginanu, Poianyi ^ Szabo* Zeit phjsikal. Chem B20: 161. 1933. 

-9 Juliusburger, Topley & Weiss* Jour. Chem. Phys 3: 437. 1933. 

80 Hughes & Ingold* Jour. Chem. Soc. 1571. 1933. 
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■whence 




Similar expiessions are obtained for Du, dc, , ajf% ajr, 

Introducing these expressions for Kd^ and the activity coefficients 
into equation (10), we obtain for the specific rate of the reaction 

h 

= K ML e ■ f + ^^aB+ ^ m*+ ^^aN+ > ! 

h 

) + (A5+ajtf+-t AS*Ct;f+ )}/« (69) 

so that the actual energy and entropy of activation are given by 

= AFo=^--(AS=*=a^+Al=^a^+ ) + (AS*aM^+A5*av+ ) 

(70) 

AS* - ASo=*= - ( AS=^a^+ AS*ai,+ ) + i^S%M*+ )• 

/' 71 ^ 


In order therefore to be able to understand the heats and entropies of 
activation we have to consider the heat and entropy terms associated 
with the reactants, the activated complex and the intermediates. 
These terms, according to their definitions by equation (67), are the 
amounts by which the heats and entropies of the actual solutions under 
consideration differ from those of ideal solutions (the heat of solution 
of an ideal solution is of course zero). By making use of the theories 
of the various types of solutions we may obtain a fair idea of the 
magnitude of these quantities, and can understand to some extent 
the effects of solvents on them. 

No completely satisfactory treatment of the problem of heats and 
entropies of solution has however been given, although a fair amount 
of experimental work has now accumulated. The theories of Rush- 
brooke and Kirkwood which take into account molecular ordering 
due to the intermolecular forces do not help much in this respect, 
since as has already been observed, the contributions to the free 
energy made by ordering of this type are of a very small order of 
magnitude. In fact, the deviations of the entropies of solution are 
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fiequently large, and must therefore be attributed to other causes, 
some of -which have recently been discussed by Hildebrand.®^ The 
most important factors tending to produce order in a solution and in 
a pure liquid, and therefore to decrease the entropy, are chemical 
association, dipole orientation, and geometrical shape. The large 
effects due to the fir^^t and second of these in the case of pure liquids 
are apparent from the large positive de-viations from the Trouton and 
Hildebrand rules found with such liquids as water, ammonia and the 
alcohols; three different lines of e-vidence which point to lack of free 
rotation in such compounds as these have been quantitatively con- 
sidered.®® In addition Hildebrand tabulates a number of entropies 
of vaporisation of pure liquids clearly show the importance of 
geometrical shape, in that liquids composed of molecules of unsym- 
metrical shape have low entropies probably owing to a lack of free 
lotation. In view of these findings, the results of Scatchard®® that 
certain liquids mix -with an increase of entropy which is greater than 
that of an ideal solution, aie not surprising. Benzene and cyclohexane 
are an example; benzene molecules are flat and cyclohexane molecules 
puckered, so that the former can rotate more freely in a mixtme of the 
two than in puie benzene. Such effects as these, however, which are 
due to abnormalities in the pure liquids, are not our primart^ concern 
here, where we have to consider the solutions with reference to the 
dilute vapors. 

An empirical result -with regard to heats and entropies of activation 
has been pointed out by Evans and Polanyi,®^ and supported by 
further examples given by Bell,®® Butler,®® and others. It is that the 
heats and entropies of solution are often related in a manner expressed 
by the equation 

TAS = aAH + ^ (72) 

Avheie a is always positive and less than unity. A theoretical discus- 
sion of the relationship has been given by Bell.®® In view of the 
applicability of equation (72) to the reactants, the intermediates, and 
the activated complex in a reaction, an analogous linearity between 
the heats and entropies of activation is to be expected. That this is 
the case was pointed out by Evans and Polan3d.®* Later examples 

S' Hildebrand, Jour. Chem Ph>s T: 233 1939. 

Kincaid & Eyring, Jour Chem. Phys. 6 : 620. 1938. Debye, Pbysikal Zeit.86:l93. 
1935 

ss Scatebard, Wood & Mochel. Jour. Phys. Chem. 43: 119. 1939. 

Evans & Polanyi, Trans Faraday Soc. 32: 1333. 1936. 

» Belly Trans Faraday Soc. 33 : 496. 1937. 

E ff. Barclay & BnUer, Trans. Faraday Soc. 34: 1445. 1938. 
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have been given by Fairclough and Hinshelwood," who, however, 
interpret the results differently, in that they believe the correlation 
to be between the entropy (or log PZ) and the reciprocal of the square 
root of the heat of activation. In figure 11 are plotted their values 
for the heats and entropies of activation for the alkaline hydrolysis 
of ethyl benzoate, and it will be seen that the relationship is accurately 



Figttse 11. Plot of heat of reaction against entropy of reaction for the alkaline hydro- 
lysis of ethyl benzoate in alcohol water mixtures. 

held. Deviations from linearity are observed when there is solvation 
of the reactants or the activated complex, and it would appear that 
such deviations, and the deviations of the specific rates from their 
expected relationships with the dielectric constant, run parallel to 
one another. For example, when the formation of quaternary am- 
monium salts is studied in solvent mixtures one of the components of 
which is polar, it is found that the heat of activation is lowered to an 
abnormal degree as the polar component is added; i. e, the lowering 
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of the heat of activation is greater than corresponds to the change in 
the entropy of activation. Thus on changing from benzene to nitro- 
benzene there is always an increase in entropy of activation, and a 
decrease in the heat of activation.*^- The extent to which the heat 
is abnormal must be related to the difference between the heat of 
solvation of the complex and those of the reactants. 

When the solvent is changed changes in entropy appear always to be 
found. When, however, slight changes in the reactants are made by 
introducing substituents at some distance from the reacting centers, 
the position is found to be somewhat different;*’- in about one half 
of the accurately studied examples the entropy of activation remains 
constant in spite of changes in the heat of activation, while in the 
other half a more or less linear relationship between the two is observed. 

B7 Fairelough & Hmshelwood, Jour. Ohem Soc. 1573. 1937. 

i'sliaidler & Hinshelwood, Jour. Chem. Soc. $62. 1938. 

Hinshelwood, Laidler & Timm, Jour. Chem. Soc. 848 1938. 




DISCUSSION OF PAPER BY LAIDLER AND EYRING 

(THE EFFECT OF SOLVENTS ON REACTION 
RATES)* 

By Geoeqe Scatchaed 


Since the discussion which follows must be limited to those points 
upon which I differ from the very interesting paper of Laidler and 
Eyring, I wish to say at the start that I consider that our differences 
relate to relatively minor details and that we are in agreement in the 
important matters, and that many of the apparent differences arise 
from an inaccurate representation of my theor^’-^ in their paper. 

Although I occasionally used the language of the collision theory, 
the actual derivations do not depend at all upon that theory. I 
calculated the concentration of critical complexes directly from the 
concentration of one reacting species around a molecule of the other. 
This was the only method available at the time. It has, moreover, 
the advantage of determining directly the quantity desired instead of 
using the difference, sometimes small, of two large numbers. 

The difference between Laidler and Eyring’s treatment of reactions 
between ions and mine does not lie in my use of collision theory nor in 
an^'- limitation in my theory that the collision diameter a must be 
equal to r = + tb- It lies in the difference in models for the 

critical complex. I assume two spheres with the charge of one of the 
original ions symmetrically distributed around the center of each; 
they assume a single sphere with the net charge symmetrically dis- 
tributed about its center. These are the two extremes, both as to 
shape and as to charge distribution. Intermediate possibilities are 
discussed elsewhere.- 

It is hard to understand the origin of the misconception that a 
must equal r in my treatment, for this is definitely discussed as a 
special case. The fundamental equation is (3) of Ref. 1, 


C, = K"CACBex^. 


F-^ZaZb 
. DkT 




r 


1 +KU. 


in which C» is of their paper, K" is and the other symbols have 
the same significance. This equation is valid only when r^a. 
When r — a the equation becomes 

Contribution from the Eesearch Laboratory of Physical Chemistry* Massachusetts Insti- 
tute of Technology, No. 450 
1 Scatchard, Ohem. Rev. 10: 229 1932. 

- Scatchard, Jour. Chem. Phys. 7 : 657. 1939, 
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c. 


K'^CaCb exp. 


- — ^ZaZb / 1 
. DhT \r 


K 

1 + Ka 



The difference between the two equations is very small unless r is 
much greater than a. 

It should be emphasized in this connection that any use of the 
parameter a assumes that every ion in the solution has the same radius. 
If the radii are different there is, strictly speaking, no a for any ion. 
The equations for two different radii and a discussion of the approxima- 
tions which can be made for a in the general case, with conclusions but 
little different from those of Laidler and Eyring, were published some 
time ago.® Any errors in these approximations affect the extrapola- 
tion to* 2 ero ionic strength but not the change with dielectric constant. 
For solvents of high dielectric constant it is reported* that, ‘^there is 
no uncertainty in the extrapolation.'' 

In considering the change with changing dielectric constant, it 
should be kept in mind that the theories of solution give as activity 
coefficients the ratio of activity to mole fraction and not the ratio of 
activity to relative volume concentration. The rate constants in 
terms of concentrations should be corrected to mole fractions by 
multiplying by (SiV/7)*"'\ in which UN is the total number of moles, 
including solvents, in volume V and v is the order of the reaction. 
This correction removes the sudden change of slope for the thiosulfate- 
bromoacetate reaction in Laidler and Eyring's Figure 3.^ The more 
gradual change at lower dielectric constants can also be removed, or 
very greatly decreased, by a more exact extrapolation to zero conccn- 
tration.2 However, there are other reactions, which show a similar 
change of slope which cannot be explained in this way and for which 
Laidler and Eyring's explanation seems the most probable. The fact 
that the corrected slope for the thiosulfate-bromoacetate reaction in 
urea water mixtures, which probably give the most reliable slope, 
corresponds to r = 6.4 A, which is also the value of a determined for 
sodium salts, is not a confirmation of my equation. The fact that 
6.4 A is a reasonable value for r only shows that the experiments do 
not disprove the theory, for the experiments can also be explained by 
reasonable values of the three radii in Laidler and Eyring's equation. 

An experimental test of the two models is possible when Zb = 
— Za* Laidler and Eyring's equation makes log ^A^shsi^ equal to log 
TaTb, which can be determined by solubility measurements, while 
mine makes it equal to 


' Scatchard, Pli^sikal Zeit 33: 22. 1932 
« LaMer, Jour. Franklin Inst. 225: 709 1938. 
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[2/(1 + r^/rs) (1 + rs/rA)] log vxYfi. 

The factor in brackets is if == and smaller if the t\\o radii are 
different. We may expect the answer to lie between these two ex- 
tremes. 

Laidler and Eyring say of the effect of changing dielectric constant 
on the reaction of an ion with a neutral molecule, ‘‘This effect could 
not be anticipated from equation (45).” This is quite true, for 
equation (45) applies only to reactions between ions, but it should be 
said also that the effect was predicted in my paper.^ If the reciprocals 
of the dielectric constant are strictly additive, the logarithm of the 
rates is a linear function of the reciprocal of the dielectric constant of 
the solvent, and r is approximately the average of and rjir=*= of Laidler 
and Eyring, which shows that the two treatments are consistent. 
However, if it is the polarization which is additive the slope decreases 
for large values of the dielectric constant, and if the dielectric constant 
itself is additive the slope actually changes sign. 

Professor Eyring has expressed the opinion that the difference 
between the average dielectric constant and the local dielectric con- 
stant around the ions caused by electrical saturation should have a 
greater effect upon the calculations by my method than upon those 
by his, and he has asked me to present here my opinion. The qualita- 
tive discussion which follows applies equally to the effect of a segrega- 
tion of one component of a mixed solvent around the reactants or to 
any other lack of homogeneity. 

It is important to recognize that it is not a question of determining 
whether the difference between my model in an inhomogeneous solvent 
and my model in a homogeneous solvent of the same macroscopic 
dielectric constant is greater than the difference between his model in 
the same two solvents, but is a matter of determining whether the 
actual reacting system in the inhomogeneous solvent differs more 
from my model in the homogeneous solvent than it does from his 
model in the homogeneous solvent. So the effect of the inhomogeneity 
in either case is that upon the actual system and not that upon the 
model. If the effect were such that log k were still a linear function of 
1/D, it would merely change the apparent size determined from either 
model. Since Eyring's model gives three adjustable parameters and 
mine only one, his model could absorb a larger effect without yielding 
an improbable size, but this advantage is trivial. Any change in the 
slope of log k vs. 1/D or any change of log k with changing medium but 
unvariant dielectric constant would be as troublesome for one model 
as for the other for it -would yield a size which varied with the solvent. 



344 ANNALS NEW YORK ACADEMY OF SCIENCES 

My treatment is strictly analogous to the determination of Bjer- 
rum’s electrostatic association constant, which Fuoss and Kraus have 
found to correspond to a constant size over a very large range of 
dielectric constant. 



ACTIVATION ENERGIES IN SOLUTION 
REACTIONS 

By J. C. Warner 

From the CheimUry Beparimcnt^ Carnegie Imtitute of Technology, Pittsburgh, Pa, 

The purpose of this paper is to discuss recent views on the activa- 
tion energies of solution reactions. It is now well known that for a 
specific reaction, the ordinary AiThenius energy of activation obtained 
from the variation of the rate constant with temperature (i. e. 2.3 RT^ 
{d log hjdT)) depends, especially in reactions involving one or more 
ions, upon the solvent used, upon whether the solvent is one of 
constant composition or of constant dielectric constant, and upon the 
ionic strength. 

The proper interpretation of these various energies of activation 
and the relations between them becomes a matter of special importance 
in any attempt to i elate solution kinetics to the kinetics of reactions 
in gases. In the following, we shall attempt to review the present 
situation and to indicate the experimental conditions under which 
one may obtain values of the various quantities of theoretical signifi- 
cance. We also shall apply these views and relationships to experi- 
mental data obtained in our laboratory and to the data of other 
investigators. 

The earlier attempts* at applying the kinetic equation of the 
Collision Theory of bimolecular gas reactions to bimolecular reactions 
in solution were marred by the practice of using an energy of activa- 
tion obtained under the most diverse experimental conditions and 
comparing the resulting term representing the collision frequency 
with a frequency calculated using the ordinary formulas for gases. 
Considering the diversity of the types of reactions included and the 
variety of experimental conditions under which activation energies 
were obtained, it is not surprising that the summary by MoelTiyn- 
Hughes revealed values of Jfcobs/^caic which ranged from 

For further progress, following this method of approach to the 
problem, it seemed evident that we must: (a) Find, by use of suitable 
experimental conditions or by suitable methods of calculation from 
experimental values, an energy of activation which is more nearly 
comparable to the energy of activation for gaseous reactions; (b) 
Make a sounder interpretation of the collision frequency term in the 
kinetic equation for reactions in solution. 

1 Moelvsm-Haghes, Chem. Rev. 10: 241. 1032; “Kinetics of Reactions in Solution". 
Oxford Uniyerslty Press. 1933. 
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Our own interest in the subject began just prior to the publication 
of LaMer’s^ paper on “The Temperature Dependence of the Energy of 
Activation. — The Entropy and Free Energy of Activation,” in which, 
using statistical methods, he developed the earlier qualitative idea of 
Trautz® that the energy of activation should vary with the temperature 
if there exists a heat capacity of activation. 

d^Ea _ _ _ _ 

= AG = C. - {Ca + Cb) (1) 


By analogy to the usual thermodynamic relations, LaMer defined an 
entropy of activation 


AS, = y ^Cpa dluT = J ^ 


( 2 ) 


If then the integrated Arrhenius equation be written 

log fc = B - £iEJ2.3RT (3) 

B = log + ASJ2,^R 


when the activation energy does not vary with temperature, ASa = 0 
and B = log Z®. In this paper, LaMer summarized experimental 
data which indicated that AEa may vary considerably with tempera- 
ture for reactions in solution. The activation energies used in this 
summary were obtained in the usual way from the variation of the 
rate constants with temperature in solvents of fixed composition. 
To the best of our knowledge, all energies of activation in solution 
reactions prior to this time had been obtained in solvents of fixed 
composition. At the time, we were engaged in studies of the infiuence 
of the ionic strength and the dielectric constant of the solvent upon 
the rate of conversion of ammonium cyanate into urea.** The pro- 
nounced effect of each of these factors upon the rate caused us to 
wonder about their influence upon the energy of activation. Any 
effect of ionic strength may readily be eliminated by using rate con- 
stants extrapolated to zero ionic strength (&°) and obtaining an energy 
of activation from the variation of these constants with temperature. 
However, when the temperature of a solvent of fixed composition is 
raised, there are accompanying changes in properties of the solvent 
w’hich may influence the rate of reactions taking place in the solvent. 

2 LaMer, Jour. Chem. Phys. 1: 289. 1933. 

> Traute, Zeit. anorg. dbiem. 106: 149. 1919. Sssex & Qelonnini, Jour. Am. Cliem. Soc. 
48: S82. 1926. 

* Warner & Stitt, Jour. Am. Chem. Soc. 65; 4807. 1933. Warner Ss Warrick, Jour. Am 
Chem Soc. 57: 1491 1935. 
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For reactions involving ions or even polar molecules, the dielectric 
constant is such a property. Therefore when a reaction is studied 
over a temperature range in a solvent of fixed composition, the rate 
constants change not only because of the pure temperature effect but 
also because the dielectric constant of the solvent is decreasing as the 
temperature is increased. 

The above considerations led us to the following inquiries: 

(1) Is the energy of activation obtained in solvents of constant dielec- 
tric constant a quantity more nearly comparable to the energy of 
activation in gaseous reactions than the usual quantity obtained in 
solvents of fixed composition? 

(2) What relation exists between the energies of activation in solvents 
of constant composition and solvents of constant dielectric constant? 

(3) Would one find a change in the energy of activation with tempera- 
ture in solution reactions involving ions if adjustments were made in 
solvent composition to maintain the same dielectric constant over the 
entire temperature range? 

In gaseous reactions, there is no appreciable change in the environ- 
ment of the reacting molecules with temperature and the energy of 
activation is obtained from what might be termed a dependence of the 
rate constants upon the temperature alone. It therefore seemed 
logical^ that an energy of activation for a solution reaction obtained 
from 

(d log kldT)xi, (5) 

where the xi^s represent all variables other than the temperature which 
influence the rate, should be the quantity comparable to the energy of 
activation in the theory of gaseous reactions. 

AE = 2,3RT^ (a log k/dT)xi (6) 

It has boon demonstrated by our work and by that of many other 
investigators that the principal variables which influence the rate of 
ionic reactions arc temperature, dielectric constant and ionic strength. 
As previously mentioned, one may eliminate the influence of ionic 
strength for the time being by working with rate constants at zero 
ionic strength (fc®). 

Assuming that 

logfc® (7) 

we obtain 

dlogfc® /aiogfc°\ /alogfc®\ dD 
dT “ \ dT )j> \ W /rdT 

Svirbely & Warner, Jour. Am. Ohem Soc. 57: 1883. 1985. 


( 8 ) 
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Multiplying both sides by 2.SB7^, yields 


2.3 RT^ 


d log 
dT 


= 2.3 RT^ 




+ 2.3 RT^ 



which is a relation between the energy of activation (ji = 0) in a 
solvent of constant composition and the energy of activation in a 
solvent of constant dielectric constant. 

/d\ogk°\ dD 

{AE°)c = ( AE°)z, + 2.3 RT^ ^ ( 10 ) 

For solvents of fixed composition 


D = 

dD 

dT 


a e 


-bt 


== -bD 


( 11 ) 

( 12 ) 


The quantity (3 log k°ldD)T may always be obtained from experi- 
mental studies of the variation of k° with D at constant temperature. 
For reactions between ions it may be evaluated from the theory of 
Christiansen and Scatchard* which yields the result 


alogfe^X 

~dD~ )t~ 2.3 IcD^Ta, 


( 13 ) 


Therefore, for reactions between ions 
iAE^)c = (AE^)d - 


Dcu 


( 14 ) 


If ZaZb is negative (reaction between ions of unlike sign) 

iAE^)c > (AE“)i> 


but if ZaZb is positive (reaction between ions of like sign) 

(A£“)c < (AE°)d 

Applied to the conversion of ammonium cyanate into urea 

NH4+ + OCN -> CO(NHs)* 

(AS‘>)h,o - (AS®)i, = 1050T/D (15) 

t* = 0 (t = 0 

(A.B“)284(% MeOH ~ (AB®)^ = 735T/D (16) 

s= 0 H = 0 

Calculated values of these differences in energies of activation are 
compared with experimental differences in Table: 1 . 

• Seatebard, Chem. Bev. 10: 229. 1982. ChrisUaiiaen, Zeit. physlkai. Chem. 113: 36. 
1924. 
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Table 1 




Calc. 

Expt. 

(A£»)Hrf) 

M =0 

— (AF°)d -S3 5 

M = 0 

= 4,860 

4,740 cal. 

(AE“)h*0 

ju = 0 

- (aj;°)d=65 

M = 0 

= 4,860 

5,080 cal. 

{AE°)2BZ% MtOH 
ju = 0 

— {A£°)d=63S 

,2=0 

* 4,130 

4,210 cal. 


Since the publication of the original paper, Svirbely has continued the 
study of this reaction in Me 0 H-H 20 mixtures^ down to constant 
dielectric constants of 35, and in ethylene glycol-H20 mixtures^ to 
dielectric constants of 40. In all of these studies the above relation- 
ships apply and in no case has there been any evidence for a variation 
in with temperature. 

In a recent investigation which is now ready for publication,® these 
ideas have been applied to the reaction between ethylene chlorohydrin 
and hydroxyl ion in water and in constant dielectric constant mix- 
tures of Et0H-H20 and Dioxane-H20. In this example of a reaction 
between an ion and an uncharged molecule, (d log might be 

obtained from the theory of Earned and Samaras.^® However, due 
to the approximations in the theory, it is better to take experimental 
values of (dlogfc7^^)r testing the Svirbely-Warner relation. 
Here again there is no evidence for any variation of (A£7°)2> with 
temperature, but there is definite evidence of an increase in (Ai5®)Hao 
with temperature, and (AJS®)^,© “aay be calculated satisfactorily 
from ( AJS ®) d by equation (10). These calculated values are compared 
to experimental values in Table 2. 


Table 2 


Avg, {,AE)d (AJ&)HsO-(AJ&)n 


Solvent 

t^C 

atD = 74.86 

Eq. (10) 

EtOH-HaO 

0° 

20,300 

2,480 

Dioxane-HaO 

0*^ 

20,910 

2,000 

EtOH-HaO 

15° 

20,300 

2,750 

Dioxane-HaO 

15° 

20,910 

2,190 

EtOH-HaO 

25° 

20,300 

2.830 

Dioxane-HaO 

25° 

20,910 

2,650 


(A^)HjO (A^)Hrf) 
Eq. (10) Experimental 


'f Svirbely & Schramm, Jour. Am. Ohem. Soc. 60: 330 1938. 

* Lander & Svirbely, Jour. Am. Chem. Soc. 60: 1618. 1938. 

> Winstrom & Warner, Jour. Am. Chem. Soc. (forthcoming publication). 
10 Hamed & Samaras, Jour. Am. Chem. Soc. 54: 9. 1932. 
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It is interesting to note that if (A^)© is independent of the temperature 
iAE)c may vary with the temperature. From Table 2, it is evident 
that the experimental variation of (AE)^,q with temperature is equal 
ivithin the experimental error, to that predicted by equation (10). 

For reactions between ions, one may relate to (AS)h,o, and 

(j. = 0 (Ji =» C 

{AE)j) to {AE)p, 

(j. = 0 (i = C 


by differentiating 


Ink = In k° + 


^ZjiEbK- 
DlcT{l + Ak) 


(17) 


and multiplying by BT^. Applied to the ammonium cyanate reaction, 
one obtains 


(AE)^=c = (AS'')m-o + 8.35 X 

( 3/2r»»£)»/^ + 100.6 DVjl ) ^ dlnP ) 

\(r»/82)3/2 + 100.6 DTV^y} \ dlnT f 

For relating (AE)j, to (AE)i, Equation (18) is somewhat simplified 
(1 = 0 (J. = 0 

because d In D]d InT = 0. 


Substantial agreement between (AE)„ =o.« calculated by equation (18) 
and the experimental values obtained in the conversion of ammonium 
cyanate into urea is shown by the data in Table 3. 


Table 3 

MeOH-H,0 




HsO 

23,580 

D = 63.5 
18,840 

D = 65.0 
18,500 


Eq. (18) 

23,360 

19,280 

18,950 


Exptl. 

23,240 

19,380 

18,850 


It is interesting to note that, in agreement with the theory for a reac- 
tion between ions of opposite sign, an increase in the ionic strength 
causes a decrease in the activation energy in solvents of constant 
composition, but causes an increase in the activation energy in solvents 
of constant dielectric constant. 
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In the period since the publication of the paper by Svirbely and 
Warner, several interesting and important points of view on solution 
kinetics have been advanced.^"” We wish now to examine these 
views, especially the recent ones advanced by LaMer, from the stand- 
points of their relation to the ideas of Svirbely and Warner and the 
possibility of experimentally evaluating the various quantities ap- 
pearing in the theoretical equations. 

In recent papers, LaMer has adopted Eyring's kinetic equation 


k = 



BT 


K 


(19) 


Where K is the equilibrium constant in the formation of the activated 
complex from reactants 


A +B:e^X 

AF, = F. - (Fa + Fb) = 


RT In K 


hence 

Neglecting the PAF terms 


HT fcT A5a AHg 

/b = — e RT =: — e R e RT 
h h 


icT A5a Afia 
fc = — eR e~ RT 

h 

By comparison with the logarithmic form 


log A: = P — 




AFa 


2.ZRT ~ 2.32fr 


icT ASa ASa 

B = log 1 = log » -1 

h 2.ZB 2.ZR 


( 20 ) 

( 21 ) 

( 22 ) 

(23) 

(24) 


As LaMer properly points out, liis earlier definition of the entropy 
of activation gave 


B = log Z° -1- 


ASa' 

2.ZR 


(25) 


At a given temperature, the rate constant of a reaction between ions 
in a solvent of dielectric constant D and at an ionic strength corre- 
sponding to a given value of K (Debye-Hiickel Theory) may be re- 

11 Eyring, Chem. Kev. 17 : 65. 1935; Jour. Cbem. Pbysics. 3: 107. 1935. 
u Li^er & Kamner, Jour. Am. Cbem. Soc. 57 : 2662. 1935. 

15 LaMer, Jour. Franklin Inst. 225: 709. 1938. 

14 Amlg Ss LaMer. Jour. Am. Chem. Soc. 61: 905. 1939. 

16 Moelwyn-Hughes, Proc. Boy. Soc. 155; 308. 1936; A157: 667. 1936. 

16 Bell, Trans. Faraday Soc. 36; 324. 1939. 
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lated to the rate constant at infinite dielectric constant (ft « ) by the 
equation 


Ink = In 1: , 




DBTiTA+rB) 


+ 


DRT (I+ok) 


( 26 ) 


if the dielectric constant is high enough and the ionic strength low 
enough that the Bronsted-Christiansen-Scatchard equations for the 
influence of these variables may be applied. LaMer proceeds by 
multipl 3 dng the terms in equation (26) by — RT and by adding 
RT In kTjh = RT In v to each side, obtaining 


j — RT Ink RT Inv} = { — RT In ft oo "h RT Inv] -\- 
f ZaZb^^ ( ZaZb^^^k. 
lJD(rx+ri,) I “ \ Dd+flK) / 


( 27 ) 


Each quantity in brackets represents a free energy term and we may 
write, using LaMer’s notation. 


AF* = AFo* + AFd* + AFia* ( 28 ) 


Each term in AF may be divided into the corresponding energy and 
entropy terms yielding 

AE* = AE,* + AEd* + AEi„* ( 29 ) 

AS* = ASo* + ASj>* + A 5 in* ( 30 ) 


AEo* and ASo* obviously represent the energy and entropy of activa- 
tion in the process of forming the complex at D = «> , i. e. in a medium 
in which all electrostatic effects have vanished. It seems certain 
that for reactions between ions these terms AEo* and ASo* are more 
nearly comparable to the energy and entropy of activation in gaseous 
reactions than any similar terms previously defined. It is, therefore, 
interesting and instructive to compare the kinetic equation for ionic 
reactions in which these terms are used with the classical collision 
theory for gaseous reactions. However, before proceeding with this 
comparison let us consider the other energy and entropy terms. 


Since 


AFo* 


ZaZb^^ 

EiTA+ra) 


and AFin* = 


ZaZb^^k 

X>(H-1k) 


( 31 ) 


one may find values for AEd*, ASd*, AEi^* and ASia* by employing 
the common thermodynamic relations. Both AEij,* and ASir,*” are 
functions of the ionic strength and hence vanish in kinetic equations 


17 LaMer, Jour. Franklin Inst. 225: 731. 1938. 



WARNER: ACTIVATION ENERGIES IN REACTIONS 


353 


involving rate constants (1e°) which have been obtained by extrapolat- 
ing to infinite dilution. 


\Ed* = \Fd* 


f 

I 


T dD) 


ASd-* = 



(32) 

(33) 


For experiments made in solvents of constant dielectric constant 
ASi>* = 0 because dDJdT = 0. However, as LaMer has properly 
said, AEd* does not vanish but becomes equal to AFd*. In such 
measurements 

AEd* = AFo* == ZaZb^PII){tx + tb) (34) 


Thus in our studies of the rate of conversion of ammonia cyanate into 
urea in solvents of constant dielectric constant 


{AE)b = AEo* ZaZb^^ID {ta + Tb) (35) 

:x = 0 


(A,S)x> = A5o* (36) 

(A = 0 

(AE*)d should therefore be a function of the dielectric constant and 

(t = 0 

for the ammonium cyanate reaction, since = — 1, (AJS*)Bisless 

jx = 0 

than AEq* and should decrease as the dielectric constant of the iso- 
dielectric solvent mixture is decreased. That the results of Svirbely 
and Warner, and Svirbely and Schramm in methyl alcohol-water 
mixtures are in good agreement with equation (35) is evident from a 
comparison of the experimental and calculated values of (AB*)ij.M-o 
in Tablk 4 where values of B = log » 4- ASo*/2.3i2 also are ^ven. 


Txblb 4 


D 


GO 

63.5 

55 

50 

45 

40 


Exptl. 

(AjBo*) 

18,840 

18,500 

18,110 

17,840 

17,590 


Eq. (35) 

21,420 

(18,840) 

18,440 

18,140 

17,770 

17,320 

B 


11.80 

11.79 

11.80 

11.71 

11.75 

11.77 


It is noteworthy that B which should depend only on kT/h and ASo* 
is essentially constant. 
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If we return to LaMer’s original definition of the entropy of activa- 
tion, ASa should equal zero in these iso-diclcctric solvents since there 
is no evidence for a variation in AEa with temperature and B = log Z 
of the classical collision theory or J5 = log PZ in the present notation 
of the English kineticists. If one makes the ordinary collision fre- 
quency calculation at 50“ C., using <112 = 2.oA, one obtains log Z = 
12.29 which might be increased to 12.9 by making a maximum correc- 
tion for free space (factor of four). In all the experiments of Svirbely 
and Warner and of Svirbely and Schramm in methyl alcohol-water 
mixtures the value of B ranges from 11.71-11.92 with a probable 
trend toward somewhat higher values as D — > “ . In a later study of 
the same reaction by Lander and Svirbely in glycol-water mixtures, 
B values range from 12.50-13.0. In the latter investigation, the 
value of B is not entirely independent of the dielectric constant of the 
iso-dielectric solvent mixture. Nevertheless one may conclude that 
in view of the approximate character of many of the relationships 
involved, which in general have neglected specific solvent effects, the 
rate of conversion of ammonium cyanate into urea is in good agree- 
ment with that predicted by the collision theory. 

In a similar manner Amis and LaMer have compared their experi- 
mental results on the alkaline fading of brom phenol blue with the 
predictions of the collision theory. Using values of 512 indicated b}”^ 
the kinetic experiments they find their experimental rates are from 
2.58 to 6.38 times as fast as predicted by the simple collision theory. 
Inasmuch as specific solvent and free space corrections have been 
neglected, the result here must also be considered in good agreement 
with the collision theory. 

Unfortunately, rate measurements in iso-dielectric solvents over a 
range of temperatme have rarely been made and the ideas discussed 
in this paper cannot be tested on a large number and variety of reac- 
tions. However, the success of the method when applied to two reac- 
tions, one between ions of like sign and the other between ions of 
unlike sign, indicates the usefulness of the ideas which have been 
advanced and suggests that a complete investigation of the kinetics of 
a reaction involving ions in solution should always include rate 
measurements over a range of temperature in iso-dielectric media. 



PROTOTROPY AND DEUTEROTROPY IN 
PSEUDO ACIDS 

By Samuel H. Maron"* and Victor K. LaMerI 
INTRODUCTION 

Among the many reactions which proceed homogeneously in the 
liquid phase, protolytic reactions occupy a very prominent part. To 
realize the importance of this type of reaction it is only necessary to 
recall that in this category are included the various acid-base catalyzed 
decompositions, isomerizations, and hydrolyses, and that the common 
processes of ionization and neutralization are the simplest and most 
elementary types of protolytic reactions. The common denominator 
in all these reactions is the transfer of a proton, either from an acidic 
substrate to a basic acceptor, or from an acid donor to a basic sub- 
strate. 

The interesting aspect of the kinetics of protolytic reactions is the 
tremendous difference in the rates with which such reactions proceed. 
These range all the way from the almost instantaneous rates of ioniza- 
tion and neutralization of ordinary acids and bases to the relatively 
slow and measurable ionizations and neutralizations of the pseudo 
acids; to the slow decompositions, as that of nitramide in presence of 
weak bases; to the slow isomerizations and inversions, as that of 
acetone and sucrose respectively; and to the slow hydrolyses, as that 
of the various esters. Experiment has shown that there is no one 
factor to which this wide distribution of rates can be attributed, but 
that there are many influences of greater or lesser importance, which 
go to determine the observed rate. Of these possibly the greatest 
importance is to be ascribed to the structure and type of compounds 
involved in the reaction, and hence to the basic or acidic character of 
the reactants. Other factors involved are the medium in which reac- 
tion takes place, statistical and steric influences, and, of course, the 
activation energies and entropies. 

To study in a systematic manner the effect of the various variables 
involved, it is highly desirable to have a reaction which meets the 
following conditions: 

* Department of Chemical Engineering, Case School of Applied Science, Cleveland, 
Ohio. 

t Department of Chemistry, Columbia University, New York, N. Y. 
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1. The rate of the reaction should be conveniently measurable. 

2. The observed rate should be unquestionably the actual rate of 
proton transfer. 

3. The substrate should be of a type where systematic substitution 
of various groups is possible. 

4. Substrate should be preferably of a type where the acid or basic 
strength of the substrate itself is determinate. 

5. Reaction should proceed in various media by the same mechanism. 

The various protolytic reactions to which these criteria may be 
applied can be classified into two groups: (a) Acid-base catalyses, and 
(b) ionizations, neutralizations, and their reverse reactions. In the 
first class, the acid or base involved acts merely as in intermediary in 
the transformation of a substrate, and is not in any way removed 
permanently from the sphere of action. The change involved in the 
reactions of the second class is more ^'permanent,'^ however. In a 
neutralization, for instance, both the acid and base are removed 
simultaneously and at equal rates; there is no regeneration of a reac- 
tant during the reaction. Since the primary process involved is the 
transfer of a proton from an acid to a base, and since such reactions 
are not subject to the complicating considerations of the function of 
the acid-base catalysts, kinetic results obtained with reactions of the 
second type should be simpler to interpret from the standpoint of the 
proton transfer process. 

Nevertheless, despite the greater simplicity, from a theoretical 
point of view, of reactions of the second class, no measurements are 
available for such protolytic reactions with ordinary acids and bases; 
the rates are too rapid to measure. Elucidations of proton transfer 
are deduced rather from acid-base catalyses of reactions proceeding 
at rates suitable for convenient study. However, observation of the 
kinetics of reactions of the second class is highly desirable, and, al- 
though impossible at present with ordinary acids and bases, is possible 
with the substances known as pseudo-acids. 

THE NITROPARAFFINES AS PSEUDO ACIDS 

A pseudo-acid has been defined by Hantzsch as a substance whose 
salt formation is a function of time as against the acid whose neutrali- 
zation is essentially instantaneous. He states, further, that ^'if the 
salt formation is a function of time, then it is evidence that the mole- 
cule undergoes a change in the salt formation process; it is also evidence 
for the fact that the undissociated substance and its ions are consti- 
tutionally different.^' Hantzsch's definition can be amplified and 
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generalized to state that a pseudo acid is an acid whose protolytic 
reactions are time reactions, as against the very rapid reactions of 
ordinary acids. Essentially, there is nothing ‘'pseudo” about a 
pseudo-acid. Hantzsch used the designation because of the relatively 
high strength of a pseudo acid as against its sluggish action. However, 
a pseudo-acid must be thought of as being an acid in every sense of 
the word — with the exception that its protolytic reactions are slower 
than those of ordinary acids. As Pedersen (1932) stated: “The pseudo 
acids are not false acids, but acids with false strength. There is no 
difference in principle between the pseudo- and aci-form. They are 
both genxiine acids, but the pseudo-form is a much weaker acid than 
the aci-form.” 

The nitroparaffincs, as a class, are pseudo-acids. As is well known, 
the nitroparaffines exist in two isomeric forms, a nitro- and an aci-form. 
The two forms differ from each other in several essential respects. 
The nitro-form dissolves only slightly or not at all in water, reacts 
slowly with bases and bromine, and shows practically no conductance 
in water solution. On the other hand, the aci-form dissolves readily 
in water, reacts extremely rapidly with bases and bromine, and shows 
appreciable conductance in water solution. The two forms are 
represented by the structural formulas: 

R \ CHNO 2 R \ C = NOOH 

R' / R' / 

Nitro-form Aci-form 

R and R' may be either an alkyl group or a hydrogen atom. The 
nitro-forms are very weak acids, while the aci-forms are of strengths 
greater than that of acetic acid.^> ^ 

The two forms of the nitroparaflmes are interconvertible. In 
presence of bases in general, the nitro-forms are transformed to the 
aci-forms with rates depending on the strength of the bases employed.®* ^ 
Again in presence of acids in general the aci-forms are transformed into 
the nitro forms with rates dependent now on the strength of the acids 
used.^ The mechanisms by which these transformations take place 
can be summarized in the schemes: 

ki ki' 

Nitro to Aci: R \ CHNO 2 + B R' \ C-NO 2 + BH+ -> R \ C - 
R'/ R/ R'/ 

NO 2 - + BH+ 

1 Junell, Dissertation, Uppsala. 1935. 

3 Maron & ShedloTsky, Jour. Am. Ohem. Soc. 61: 753. 1939. 

3 Pedersen, Det. Kgl. Videnskab. Selskab. Math.-fsrs. Medd. 12: 1. 1982. 

3 Beits, Zeit. physikal Ohem. A176: 363. 1936. 

6 Junell, Svensk Kemisk Tidskrift. 46: 125. 1934; cf. ref. 3 
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where ki'>>ki 

Aci to Nitro: R \ C = N02“ + BH+ — > R \ CH+ = NO2” + 

R'/ k2 R'/ 

B R \ CHNO2 + B 
kj' R' / 

where k2'»k2 

In the first scheme the rate determining step is the proton transfer 
from the nitroparafiSne to the base R, while in the second scheme the 
rate determining step is the transfer of a proton from the acid BH+ to 
the aci-nitroparafllne ion. 

The protolytic reactions of the nitroparaffines meet closely the con- 
ditions laid down for a desirable reaction to study. It is generally 
accepted that the measured rates are rates of proton transfer; further, 
with appropriate methods these rates are more or less conveniently 
measurable. These reactions offer the possibility of observing proton 
transfer in ionizations, neutralizations, and acid associations; the 
possibility of studying effect on the rate of various substituents for 
R and R' in the molecule; the possibility of observing the effect of 
medium and statistical factors; and, the possibility of observing and 
correlating effect of systematic substitution on energies and entropies 
of activation. Further, it is possible to measure the acid strengths of 
the various nitroparaffines, and thus gain some ideas of the effect of 
the acid strength of the substrate on the rate of a protolytic reaction. 

Because of the diversity and breadth of the subject, further dis- 
cussion will be limited primarily to the kinetics of the reaction of the 
nitroparaflines with hydroxyl and deuteroxyl ions, and to the kinetics 
of the reverse reaction, i, e., to the reaction of aci-nitroethane ion 
with the H3O+ and D3O+, which have been studied during the ])asi 
year in the laboratories at Columbia University. 

NEUTRALIZATION OF NITROPARAFFINES IN 
LIGHT WATER 

Nitroparaffines in water solution react with hydroxyl ions according 
to the equation: 

R \ CHNO2 + OH- R \ C = N02“ + H2O 
R' / R' / 

The kinetics of this reaction with the substrates nitromethane, nitro- 
ethane, nitropropane and nitroisopropane were first studied at 0® by 
Junell.®'® The extent of reaction at various times was determined by 
adding to a mixture of nitroparaffine and base after a definite time 
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interval a definite exeews of a mixture of acid and bromine water. 
The function of the acid was to neutralize the base and thus stop the 
reaction, while the bromine was to react with the aci ion. From the 
amount of bromine consumed, the extent of isomerization could be 
calculated at any elapsed time. 

A conductance method for observing the kinetics of these reactions 
quantitatively was first used in 1934 by Wynne-Jones, who studied 
the neutralization of nitroethane by Ba (OH )2 and Ba (OD )2 at 0° in 
both light and heavy water. Since the conductance method is more 
direct, avoids analytical determinations, and is free of the assumptions 
of the bromination method, it was preferred for the purposes of this 
research. It depends on the fact that as neutralization proceeds in an 
equivalent mixture of nitroparaffinc and hj^droxide, the highly mobile 
hydroxyl ions are removed to be replaced by the considerably slower 
anions of the aci-acid formed. Consequently the resistance of the 
solution increases with time from an initial value, Rqj to a final limiting 
value R <» , due to the salt of the aci-acid. The concentrations and 
velocity constants can be calculated in terms of the measured resist- 
ances. Details are given by Maron and LaMer.® 

The procedure employed was to place a definite quantity of the 
nitroparafline in water solution in a conductivity cell, and then 
initiate the reaction by delivering rapidly with a hypodermic syringe 
an equivalent amount of Ba (OH )2 solution. The course of the reac- 
tion was observed then by taking resistance readings every 15 or 30 
seconds, as the occasion demanded. 

The second order rate constants of the reaction, which is first order 
with respect to both nitroparaffine and hydroxyl ion, were evaluated 
graphically from the resistances in the manner described by Maron 
and LaMcr.® The fidelity with which experimental points followed 
the expected equation can be judged from figure 1. 

The summary of results obtained with nitromethane at 0®, and with 
nitroethane and nitroisopropane at 0® and 5® is shown in Table 1. 

These data show that the rate of neutralization falls off rapidly 
from nitromethane to nitroisopropane. Comparison of the constants 
with other available data shows that Wynne-Jones’ value for nitro- 
ethane at 0® agrees well with the value given here, but Junell’s results 
are consistently lower. The explanation for this discrepancy must be 
sought in Junell’s procedure. 

The conductance method measures directly the rate of removal of 
hydroxyl ions. Since the latter are removed in the reaction under 


s Maron & LaMer, Jour. Am. Ohem Soc. 60 : 2588. 1938. 
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discussion by taking on a proton from the substrate, it can be con- 
cluded that the rate of proton transfer to the hydroxyl ion is measured 
here directly. In Junell’s method, however, the rate of proton transfer 



Figure 1. Plot of t(B co B) vs, R at 5®. A: 0.0168N nitroisopropane in HsO; B 
0.0245N nltroisopropaiie in DsO: C: 0.0273N nitroethaneinH^O; D: 0.0266N nitroethane In 
D*0. 

is arrived at indirectly through two fundamental assumptions, (a) 
that the excess acid added to the reaction mixtvne would just stop 
the reaction, and (b) that the bromine added would react very rapidly 
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with the aci-acid present. There is no question that bromine is 
absorbed very rapidly by the aci-form of a nitro-paraffine, but just 
how rapidly is not certain. Two serious objections, however, can be 
raised to the other assumption. In the first place, in presence of ex- 
cess mineral acid, the aci nitro-paraflBnes are unstable.^ Secondly, 
Juiiell,^ and Maron and LaMer® have shown that in presence of H3O + 
the anions of the aci-paraffines isomerize rapidly to the nitro forms 
with rate constants which are 150 for nitroethane and ca. 3000-4500 
for nitromethane. It may thus be expected that even with a rapid 
bromination rate an appreciable back reaction may set in on addition 


Table 1 

Stjmmakt and Comparison of Results on Nitropabapfines in HjO 


Substrate 

Temp. 

Maron & LaMer 
(Cond.) 

h 

Junell 

(Brom.) 

W 3 mne-Jones 

(Cond.) 

Nitromethane 

0° 

237 6 d=l 5 

171 =b3 

— 

Nitroethane 

0° 

39.11±0 29 

35 2 =bl 0 

39 0=1=2 0 


5" 

58 37 ±0 50 

— 

— 

Nitropropane 

0® 

- 

29.2 rfcO 2 

- 

Nitroisopropane 

0" 

2 08d=0 01 

1.94±0.04 

— 


5® 

3 36=fc0.01 

— 

— 


Table 2 

Comparison of Results for Nitroethane in D2O 





Temp, 

Maron & LaMer 

Wynne-Jones 

First Stage 

0® 

55 C 

60 


5° 

81 33=1=0 49 

— 

Second Stage 

0° 

20 7 

36 


5** 

29 54=b0 16 

— 

Third Stage 

0® 

No result 

6-15 


of excess mineral acid. The two factors mentioned should operate to 
give low results for the concentration of aci-form, and hence for fe- 
The error should be especially large for nitromethane, as is actually 
the case. 

The results given in Table 1 show that the rate of proton donation 
by a nitroparaflBine to the OH~ ion depends greatly on the nature of 

^Nef, AiuuJen 280 : 263. 1894. 

^ Maron & LaMer, Jour. Am. Ohem. Soc. 61: 692. 1939. 
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the atoms or groups attached to the alpha carbon. The rate of 
proton donation is greater the greater the number of hydrogen atoms 
attached to the alpha carbon, and falls off rapidly as methyl or ethyl 
groups are substituted for hydrogen. Apparently the length of the 
substituent alkyl group is of relatively minor importance, since the 
rates of neutralization of nitrocthane and n-nitropropanc are not very 
different. On the other hand, the number of alkyl substituents is of 
importance, as is evidenced by the very large decrease in the rate 
constants from nitromethane to nitroisopropane. 

Again, the decrease in rate from nitromethane to nitroisopropane is 
not explicable on statistical grounds alone. Instead of a proportionate 
decrease in rate with decrease in prototropic hydrogens in the sub- 
strate, the constants from nitromethane to nitroisopropane are ap- 
proximately in the ratios 1:1/6: 1 , Apparently the rates are 

120 

affected by the difference in the binding forces between the hydrogen 
and carbon produced by the substitution of alkyl groups. 

These results lead to another interesting fact. E. P. Bell® has sug- 
gested that Bronsted’s relation may be generalized to include the case 
in which the catalyst remains the same and the substrate varies. 
He pointed out that for a series of similar substrates the reaction 
velocity should be related to the acidic or basic strength of the sub- 
strate by a relation 

Jca = Ga Ka^ For acid catalysis 

substrate catalyst 

= Ob Kj^ Kb^ For basic catalysis 

substrate catalyst 

Now, although the isomerism of the nitroparaffines by various bases 
obeys the Bronsted relation, BelPs more general form of the equation 
does not hold, for, whereas the velocity constant of nitromethane is 
greater than that for nitroethane, the ionization constant of the former 
is smaller than that of the latter, namely, K nitromethane = 2.6 X 
while K nitroethane - 2.7 X 10~®. 

NEUTRALIZATION OF NITROPARAFFINES IN D 2 O 

Wynne-Jones^o first called attention to the fact that it should be 
possible to determine the ratio of proton to deuteron transfer to the 


« Bell, Proc. Boy. Soc. London 154A: 414. 1936; Trans. Faraday Soc. S4: 229. 1937. 
Wsnme-Jones, Jour. Chem. Phys. 2; 381. 1934. 
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same base and in the same medium by the series of reactions shown 
below: 

CHsCHjNOa + OD" CHsCH = N02- + HOD (la) 

CHaCH =N02- + DsO+ CHaCHDNOa + DjO (lb) 

CHsCHDNOa + OD- ^ CHsCD =N08- + HOD (2a) 

CHsCD =N02- + D80+ -> CHsCDsNOa + DgO (2b) 

CH 3 CD 2 NO 2 + OD- CHsCD =N02- + D 2 O (3a) 

The idea of this sequence of reactions is to remove the protons from 
the a-carbon one at a time with OD“ and reintroduce D atoms with 
D3O+, until finally only D atoms are present on the a-carbon. Further 
neutralization should involve then the transfer of a deuteron to the 
OD" ion (3a). By this simple artifice it should be possible to measure 
both the rate of proton transfer (la) and deuteron transfer (3a) to 
the same base, OD", and in the same solvent D2O. Reaction (2a) 
would proceed only as written if the rate of proton removal is con- 
siderably greater than that of the deuteron from CH8CHDNO2. 

One such sequence of measurements with nitroethane was carried 
out by Wynne- Jones at 0®. We have repeated the experiment with 
nitroethane at 0®, and have extended the measurements in D2O to 
nitroethane and nitroisopropane at 6®. The results for nitroethane 
are given in Table 2, while the results for nitroisopropane are shown 
in Table 3. 

Table 3 

Neutralization of Nitroisopropane in D2O at 5® 


Cone. 

99.1% D 2 O 
h 

0 0359 

4 62 

0.0310 

4.59 

0.0245 

4.57 

0 0150 

4 54 


4 59±0.03 
±0.66% 


The agreement between Wynne-Jones’ value at 0® for the first 
stage and our result is fair, but there is no agreement at all for the 
second stage. Wynne-Jones' = 36 is altogether too high in view of 
the values = 20.7 at 0® and fe = 29.54 at 5®. For the third stage 
W3nine-Jones reported a rather unsatisfactory constant varying from 
6-15. We could find no satisfactory constants for this stage because 
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the CH3CD=N00“ ion, although stable in the salt, is more sensitive 
to acid than the corresponding CHsCH^NOO" ion, and undergoes 
some decomposition on addition of D2SO4. On the basis of Nof’s work^ 
the decomposition product may be expected to be CH4CDO. A test 
vith 2, 4-^nitrophenylhydrazinc gave a positive reaction. In view 
of these facts Wyimc-Jones’ measurements on the third stage are too 
questionable to have any significance for the calculation of the ratio 
of proton to deuteron transfer. 

A comparison of the rates in H2O and D2O shows that the effect of 
substitution of a CH3 group for a hydrogen atom is exactly the same in 
the two media, but that the rate of transfer of a proton from CH3CH2 
NO2 to OD“ in D2O is 40 % greater than the rate of transfer of a 
proton from the same substrate to OH“ in H2O. It is doubtful 
whether the change of solvent from H20 to D2O would alone account 
for a 40 % acceleration in rate. It is more probable that the OD~ ion 
is a stronger base than the OH~ ion, and by virtue of its greater 
basicity accelerates the rate of proton removal from the substrate. 

The activation energies and activation entropies for the various 
reactions discussed are shown in Table 4. In general the activation 
energies are quite low, and again are lower in D2O than in H2O. At 
the same time, however, the activation entropies are also algebraically 
lower in D2O than in H2O. The importance of the activation enti’opy 


Table 4 

Enbboibs and Entropies op Activation 


(1) 

(2) 

Sol- 

0 1 0 

14) 

AE* 

(6) 

B 

(6) (7) (8) 

loe* -AE* AS^ 

(9) 

Substrate 

vent 

(cal) 

(min."’ 

')(2 6°) 2.dOSRT 2.3037; 

AS* 

Nitroethane 

HaO 

0 1738 

12,100 

11 26 

1 70 - 9 58 -3 26 

-14 99 

Nitroethane 

First Stage 

DaO 

0 1655 

11,500 

10 95 

1 83 - 9 12 -3 59 

-16 41 

Second Stage D 2 O 

0 1541 

10,700 

9 89 

1 40 - 8 49 -4 65 

-21 25 

Nitroisopropane HgO 

0 2082 

14,500 

11 90 

0 42 -11 48 -2 64 

-12 06 


is clearly brought out from the comparison of the rates and activation 
energies and entropies for the first and second stages for nitroethane 
in D2O. Although the activation energy is lower for the second stage 
than for the first, still the rate of the former is only about one third 
of the latter, because the effect of an entropy decrease from the first 
to the second stages more than outweighs the effect of the decrease in 
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activation energy. Were it not for the decrease in entropy, the second 
stage would actually proceed faster than the first. 


KINETICS OP REISOMERIZATION OF ACI- TO NITRO- 
NITROETHANE 

Junell*- showed foi nitroethane and nitromethane that in presence 
of acids in general the aci-nitroparaffine ion reisomerizes to the nitro- 
nitroparaf&ne according to the reaction: 

R \CH = NOO- + A ^ CHiCHsNO* + B 
R'/ 


The specific rate constants for the various acids used obey the Bron- 


sted relation 


h = G{^KX 

V \P / 


Since the rate constant for nitroethane 


in presence of H80+ was not measured by Junell directly, but was 
inferred from the Idnetics of the reaction in buffered solutions in 
which the hydrogen ion concentration was appreciable, it was decided 
to measure the rate of the reaction with H3O+ in H2O at 0® and 5° 
and with DaO*^ in D2O at 5°. 

The rate of reaction was again followed by conductance. In agree- 
ment with Junell we found the rate to be of first order with respect to 
both the nitroethane and hydrogen ions. The results obtained with 
nitroethane in light water at 0® and 6° are shown in Table 5. The 
constants obtained from the data are not directly the rate constants 
of the reaction, but the product of the rate constant and the 
ionization constant of aci-nitroethane, Knj where Kh = 

(CH3CH=NOO-)(HdO+) _ 

— — - .7: " . This constant was measured electro- 

(OJdLav^id == JN UUJuL) 

metrically by Maron and Shedlovsky,^ and was found to be 4.1 X 10”^. 
Hence the rate constants are = 144 at 0® and k^’^ == 207 at 5°. 

The results of moasurements at 5® for the same substrate in D2O 
in presence of D3O+ arc shown in Table 6. Now the observed con- 
stants are the product of the rate constant and the ionization 

n. ^ ^TT rr (CHaCH = NOO-) (D3O+) 

constant, K^, of CHaCH =NOOD, or Kj> = (CHaCH=N^I)) " 

To obtain Kd in D2O, the graphical relation between the ratio KhIKd 
and — log Ks given by Rule and LaMer^^ was employed. From this 
plot KhIKd = 3.20 for an acid of the strength of aci-nitroethane, and 
hence Kd = 1.3 X 10*"®. This value of Kd gives = 208 at 5® as 
against = 207 at the same temperature. 


Biile & LaMer, Jour Am Ohem Soc 60:1981 1038. 
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As far as is known this is the first instance where the rate of transfer 
of a proton from HsO''' to a substrate in HaO has been found to be the 
same as the rate of transfer of a deuteron from DaO'*' to the same 
substrate in DjO. In every other case studied^ with the exception of 
the mutarotation of glucose, the ratio kj> has been found to be 

greater than unity. For mutarotation of glucose the ratio is loss than 
unity.“ 

However, the reaction reported here differs in one very important 
respect from those previously studied. Whereas all the H3O+ and 
D»0+ catalyzed reactions studied hitherto involved the transfer of a 
proton (or deuteron) from H 3 O+ (or D 3 O+) to an uncharged substrate, 
the reisomerization of aci-nitroethanc involves the transfer of a proton 


Table 5 


Kinetics of the Reaction CHtCH =N00" + H 3 O+ in HjO 


Exp. No. 

a 

■DH 

Knhi* 



0“ 


19-A 

0 0383 

0 132 

0 0054 

20~A 

383 

136 

56 

26-A 

361 

.160 

62 

25-A 

361 

.163 

63 

21-A 

340 

.182 

66 

27-A 

319 

.196 

67 

7-A 

289 

.205 

64 

17-A 

232 

217 

55 

22-A 

218 

230 

55 

23-A 

218 

.240 

57 

24-A 

217 

.236 

56 

8-B 

203 

252 

56 

24-B 

180 

299 

59 




0 0059db0 0004 



o" 


74r-A 

0 0328 

0 250 

0 0088 

53-A 

279 

.294 

88 

72-A 

257 

.282 

78 

51-A 

249 

.325 

88 

75-A 

232 

.363 

91 

73-A 

191 

396 

83 

76-A 

138 

.510 

78 




0.0085±0.0004 


Zeit. Electroebem. 44; 72. 1938. 

13 Hamill & LaMer, Jour. Ohem. Pbys. 4 : 895. 1936 
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Table C 


Kinetics op the Reaction CHjCH =N00” -f D 3 O+ in D 2 O 


Exp. No. 

a 

h 

KjjIcd^ 

55 -A 

0 0259 

5^ 

0.119 

0.0032 

46-A 

233 

.127 

31 

59-A 

189 

122 

24 

66-A 

189 

.123 

24 

48-A 

186 

.156 

31 

57-A 

166 

.152 

27 

58-A 

148 

.149 

23 




0.0027 ±0.0003 


(or deutcron) to the anion of aci-nitroethane at the double bond. 
Once the proton (or deuteron) is transferred, the attendant electron 
shift stabilizes the final product, CH3CH2NO2 (or CH3CHDNO2). 

Since the electron shifts in the nitroparaffines are considered to be 
very rapid compared to the prototropic changes (Maron and LaMer)® 
the measured rates of proton and deuteron transfer to the aci- 
nitroethane ion are the rates of association of the ions of the two acids, 
CH3CH2NO2 and CH3CHDNO2 respectively. The equality of asso- 
ciation rates for the proto and deutero acid observed raises the interest- 
ing and important question whether the association rates for all 
proto and their corresponding deutero acids are the same, or whether 
the instance of nitroethane represents an isolated case. The import- 
ance of this question is apparent from the following considerations. 

If the dissociation constant for the reaction: 


A’l (diss.) 

CH3CH2NO2 + H2O CHsCH^NOO- + H3O+ 

Aji (diss ) 

be defined as Ki, then Ki = — - — ^ . Similarly, if the dissociation 


constant for: 


CH,CHDNOa + D2O : 


fcs (diss.) 
A'd+ 


;CH 2 CH=N 00 - + D3O+ 


^2 (diss ) 

be defined as K2, then K2 == — ; . For the ratio of dissociation 
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constants of the proto and deutero acids wo get: 

Ki _ fci (diss.) / h (diss.) _ fci (diss.) 

Kz ~ knh / kD+ h (diss.) 

since kn^ - ki)-^. According to the last equation the ratio of dissocia- 
tion constants of the proto and deutero acids depends only on the ratio 
of their dissociation rates, and is completely independent of their 
rates of association. If it can be shown that this conclusion applies 
to other acids besides nitroethane, then any theory of the variation 
of the ratio of proto to deutero acids with acid strength need consider 
only the factors which determine the rates of protolytic transfer of 
the proton to H 2 O and the deuteron to D 2 O. 

For the reaction in H 2 O; = 11,000 cal./mole, and AS* = 
— 16.52 cal./degree/mole. 


CALCULATION OF BASE CONSTANTS FROM ACID 
RATE CONSTANTS 

As was mentioned already, the prototropic isomerization of nitro- 
to aci-nitroparaffines is a reaction which proceeds with bases in general, 
while the reverse process proceeds in the presence of acids in general. 
The forward reaction was investigated thoroughly only for nitro- 
methane, while the back reaction was studied both with nitromethane 
and nitroethane. However, from available data it is possible to 
calculate the basic rate constants for both nitromethane and nitro 
ethane. 

With any one acid and its conjugate base the forward and reverse 
reactions lead to the equilibrium : 


\CHNO 2 + B _> /J \C =NOO- + A 

RV 7 -^'/ 

kA 

with the constant: 

(Ii\ 

^ _ \22'/C=NOO-) (A) _ l-B 

(fiXCHNOj) (B) kA 
\R'/ 


If numerator and denominator be multiplied by (H80+), then; 
(R\ 

^ _ \2i!'/C = NOO-) (H80+) (A) ks Ktf 

{B \CHNOs) * (B) (HaO+) ~kA~ Ka 
\R'/ 
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where Kn and Ka are the ionization constants of the nitro form of the 
nitroparaffine and the acid A respectively. Knowing Kn, Ka^ and 
both the rate constants ks and the equilibrium constants K can be 
calculated. 

The available data for this purpose for nitromethane and the results 
of calculations are shown in Table 7. For nitromethane Junell 
found that Kn = 2.6 X 10“"^^ In column (1), (2), and (3) are given 



Figure 2. Plot of log (jejp) and log vs. log ( 9 /p for nitromethane at 0® C 


Juneirs results for the acid reaction. In column (4) is given the 
equilibrium constant K calculated from KnIKa, while in column (5) 

K-ji^Ica 

are given the ke values calculated from KUa = — • Column (6) 

Ka 


shows ka values extrapolated from available data to 0®. The agree- 
ment is as good as can be expected, Columns (7) and (8) show values 
of K and Ka calculated from observed data. These are to be compared 
with column (4) and (2) respectively. Again the agreement is good. 

Since the acid constants obey the Bronsted relation, it is to be 
expected that the bamc constants would do likewise. That this is so 
is shown in figure 2. From this plot Ga = 8,200, Gb = 1.98 X 10“^ 
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while a = 0.39 and p = 0.62. According to theory, if the calculations 
are correct a + P should equal unity. Actually a + ^ = 0.39 + 0.62 
= 1 . 01 . 

Similar calculation.s for nitroethane arc shown in Table 8. Although 
no experimental data arc available for comparing calculated and 
observed values of ks, still a test can be made graphically through the 



Bronsted relation. The plot Is shown in Fxgtjhb 3. Again the expected 
plot is obtained. For nitroethane Ga — 32, Gb = 1.05 X lO"'^, 
« = 0.36, p = 0.65, and a + p = 0.36 + 0.65 = 1.01. 

In closing, attention should be directed to one other relation which 

/ ? 

stems from the above considerations. Since kAlp = Ga. I — and 

ks / p / 5 r \-^ ^ 

— = Gb ( — ) = Gb I — iit. 1 ) , a ratio of one to the other yields : 

5 \q / \p / 


log^ = log K = log GbIGa 
ka 


log Ka = log Kn - log Ka 
.■.K^^GbIGa 


Applying this relation to nitromethane and nitroethane we get for 
GbIGa: 
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1.98 X 10-7 

GbIojl = —— — = 2.4 X 10““ for nitromethane, as against the 
^ observed Kn = 2.6 X lO-^i 

1.05 X 10-7 

and GbIGa = 3.3 X 10"® for nitroethane as against the 

^ observed value of Kn = 2.7 X 

io-» 

Hence the ratio GbIGa is the ionization constant of the substrate 
involved in the basic reaction. 




KINETICS OF THE EXCHANGE OF OXYGEN 
BETWEEN ORGANIC COMPOUNDS 
AND WATER 

By Irving Egberts 
From Colvmbia UnivenAty^ New Yai'k 

INTRODUCTION 

In 1936, there was made available by fractional distillation^ com- 
paratively large quantities of water ranging in heavy oxygen content 
from 0.080 to 0.850 mol per cent of H20^®. It thus became possible to 
investigate in detail the exchange of oxygen between water and a 
number of organic compounds. It was soon found that in contrast to 
deuterium exchange which in many cases takes place at rates which 
are almost instantaneous, almost all oxygen exchange reactions pro- 
ceed at measurable rates. In addition, these exchange reactions 
seemed to exhibit catalysis by acids and bases. 

Kinetics of oxygen exchange have been investigated in only two 
cases, namely, the acetone-water exchange done by Cohn and Urey,^ 
and the benzoic acid-water exchange studied by Roberts and Urey.*^ 
However, a large number of qualitative exchange experiments have 
been performed, and for a summary of such data, the reader is referred 
to the review paper by Reitz.^ The results of such work may be 
summed up with the statement that the only organic compoxmds 
which have been found to exchange their oxygen with that of water 
are aldehydes, ketones, carboxylic acids and a few very reactive 
alcohols. 

METHODS OF ANALYSIS 

Before taking up a discussion of the kinetic data, it would be well 
to present the methods for determining the 0^® content of a substance. 
Of the two available methods, the first consists of converting the com- 
pound to water and determining the density of the water by a sensitive 
apparatus such as that of Gilfillan.® The objections to this are two- 
fold. In the first place, it requires extreme purification of the water 
without introduction of extraneous oxygen, which may not always be 
successful when organic impurities are present, and which would be 

1 HufEman & Urey, Ind. Eng. Ohem. 29: 531. 1937. 

s Cohn & Urey, Jour. Am. Cliem Soc. 60: 679. 1938. 

^ Boberts & Urey, Jour. Am. Ohem. Soc. 61: 25S0. 1939. 

* Beitz, Zeit. Electrochem. 45: 100. 1039. 

<* GnfiUan, Jour. Am. Ohem. Soc. 56 : 406. 1034. 
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time consuming in any case. Secondly, the range of such a density 
apparatus may not be great enough to allow convenient measurement 
without loss of precision. For example, the maximum density which 
could be measured on the float apparatus at Columbia University was 
about 20 parts per million heavier than normal water, with a precision 
of 1 part per million. In order to measure the water used in much of 
this work (approximately 370 parts per million heavier than ordinary 
water), it was necessary to dilute about 20 times, thus introducing an 
error of 20 parts per million. 

The second method available, the use of the mass spectrometer, 
also presented diflSculties. It is not convenient to measure the isotopic 
ratio of oxygen in the form of water because it would necessitate baking 
out the instrument after each analysis. Nor is it advisable to place 
oxygen gas in the instrument, since it reacts with the filament. How- 
ever, carbon dioxide gas does not offer such diflSculties, and it was 
found suitable to measure the isotopic ratio of oxygen in this form. 

Cohn and Urey® devised an equilibration method, whereby the 0^* 
content of water could be determined in carbon dioxide. This was 
accomplished by distilling a known amount of the recovered water 
under vacuum into a sample tube with a break seal on it, and adding 
16 c. c. of carbon dioxide at atmospheric pressure. The mixture was 
frozen with liquid air and sealed off in vacuum. The sample tube 
was then shaken vigorously at room temperature until equilibrium 
was reached. The time necessary to reach the complete equilibrium, 
QQi^Qis ^ CO^®0“ + H 20 ^®, under these conditions, was de- 

termined experimentally. Table 1 shows that there was no change 
after three hours, but all samples were actually shaken for five hours 
to ensure equilibrium. 

Table 1 

Time of Shaking, Hrs. COj^VCO^ 0^* 

1 359 

2 505 

3 548 

4 550 

Ordinary CO 2 237 

The in the water may be calculated from the equilibrium 
equation, since the measured value in carbon dioxide, the number of 
moles of water and of carbon dioxide equilibrated are known. The 
value of the equilibrium constant of this reaction has been found by 
Weber® to be 1.047 at 0®. The tank carbon dioxide, always used as 

« Weber, Urey & Wahl, Jour. Ohem. Phys. 8: 129. 1934 
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standard in the analyses, was found experimentally to have the same 
isotopic concentration before and after equilibration with water, which 
indicated that the tank carbon dioxide previously had been brought 
to equilibrium with water. Since all measurements of the isotopic 
composition of the carbon dioxide were made relative to this standard, 
the equilibrium constant was implicitlj’’ taken into account by using 
the ratio 250 for COz^^/CO^^ 0^^ in the standard carbon dioxide, corre- 
sponding to the value 500 reported for the relative abundance of 
Qie ; QiB, by ibe Committee on Atoms of the International Union of 
Chemistry.'^ There is very little loss of precision due to dilution of the 
concentration of 0^® in this method, since the number of moles of 
carbon dioxide used is very small compared to the number of moles 
of water and there is only a small difference between the calculated 
isotopic composition of the water before equilibration with carbon 
dioxide and the isotopic composition of the carbon dioxide actually 
measured. The precision of such mass spectrometer determinations is 
about 1%. 

KINETICS OF THE ACETONE-WATER EXCHANGE 

The exchange of oxygen between acetone and water was studied by 
Cohn and Urey in a medium consisting of 90% acetone and 10% 
water, the heavy oxygen content of the water ranging from 0.08% to 
0.75% The method of recovering the water for analysis was as 
follows: a 14 c. c. sample was chilled in a bath at dry ice temperature 
where the water crystallized out from the mixture. The acetone was 
then drawn off through a fritted glass filter and the water remaining 
was washed twice with 10 c. c. portions of benzene to remove any 
remaining acetone. In this way, from 0.5 to 0.7 c. c. of water was 
recovered for analysis from each sample. The water was then shaken 
with carbon dioxide and the carbon dioxide analyzed as described 
above. 

In 0.0001 N HCl at 25® the reaction was found to be too fast for 
measurement, and the same was true for 0.001 N NaOH. Therefore, 
all the experiments were done with salicylate buffers. The values of 
the hydrogen-ion concentration were determined from a series of pH 
measurements of these solutions. 

The rate expression for the reaction H20^® + R 2 CO^® + 

lUCO^® was derived by setting up the usual bimolecular equation 

dxidi = k{A -x)(B -x) - {C + x) (D + x) 


7 Aston, Bohr, Hahn, Harkins & Urbain, Bev. Sci Instraments 7 : 334. 1036. 
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where A = B = (EsCO^s) C - (HaO^s) D - (R^CO^®) 

initially, and x = concentration of H20^® formed after time t The 
values of k for the forward and reverse reactions are assumed to be 
identical, since from the expeiimeiital data, the value of the equilib- 
rium constant cannot be distinguished from 1. 

Since the total amount of in the reaction mixture does not 
change, 

C X CO B X CO 


C + Xa> + “ Xco 


£> — Xoo T“ JL/ + Xao 


or AB — CD = (A H- -S -f- C -f- D) xco 

Combining these equations and integrating, 

_ t ^ X oo 

It ^ 

A+JS + C + Z) Xa 


It can be seen that the reaction should be unimolccular in character, 
and that a plot of log (X « — X) against time should give a straight 
line. This was found to be the case for all experiments and the slope 
of the least squares line was used for calculating velocity constants. 
The concentrations of in acetone were assumed to be normal, i. e., 
0.200 atom per cent 0^®. 

The results of all the expeiiments performed given in Table 2 and 
the following discussion of the results are largely taken from the paper 
of Cohn and Urey. 

Table 2 


Initial 


Expi. 

(HiO^s) m /I. 

CUidXlO** 

CSaltXlO' 

Ch+X 10' 

k/c X lO'^ 

kXlO* 

1 

0 005269 

1 25 

0 125 

6 00 

1 16 

1 49 

2 

005259 

1 25 

125 

C 00 

1 17 

1 50 

3 

005388 

9 93 

1 04 

7 26 

6 13 

7 87 

4^^ 

005233 

1 25 

0 125* 

7 60 

1 40 

1 80 

5 

02486 

10 38 

1 01 

7 81 

6 31 

8 08 

6 

004855 

5 03 

1 00 

3 82 

3 06 

3 92 

7 

004855 

10 08 

5 15 

1 74 

5 31 

6 80 

8 

004855 

1 97 

0 975 

1 54 

1 17 

1 50 

9 

04059 

1 90 

9 92 

0 21 

1 11 

1 43 


Concentratioii of KOI, 0.873 X 10-* 


Experiments 1 and 2 were identical in all conditions except that the 
zero points were taken at slightly different times. The values of the 
constants are 1.49 X 10"^ and 1.50 X 10“^ respectively. When the 
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concentrations of both the acid and the salt were increased (experiment 
3) approximately by a factor of 8, the constant increased to 7.87 X 
10“^. In order to determine how much of this increase was due to an 
increase in ionic strength, experiment 4 was run with the same con- 
centrations of salicylic acid and sodium salicylate as were used in 
experiments 1 and 2, but enough potassium chloride was added to 
make the total salt concentration identical with that of experiment 3. 
The rate constant in experiment 4 was 1.80 X 10“^, as compared with 
1,50 X 10”^ for experiments 1 and 2 and 7.87 X 10“* for experiment 3; 
this comparison indicates that the primary salt effect is relatively 
small, if not zero. Experiment 5 was a check of experiment 3; the 
initial (H20^®) concentrations were 0.02486 and 0.005233 m./l. re- 
spectively. Since the percentage of 0^® in the water in experiment 5 
was greater than in the acetone, the net reaction proceeded in the 
opposite direction from the previous experiments. 

In experiments 3, 6 and 8, the salt concentration was held constant, 
and the acid concentration was varied approximately in the ratio 
10 : 5 : 2. In experiments 3 and 7, the acid concentiation was held 
constant, and the salt concentration was varied in the ratio of 1 : 5. 
The effect of varying the salt concentration is even more obvious in 
experiments 8 and 9. In these experiments the contribution of the 
hydrogen ion catalysis is small, the acid concentration is held constant, 
and the salt concentration is varied from 1 to 10 and the rate changes 
from 1.50 X 10"^ to 3.43 X 10"^. 

If all these results are combined and the values of the catalytic 
coefficients, fca, h, and for the acid, base and hydrogen ion, 
respectively, are determined by the method of least squares from the 
nine equations of the form Jc = Caka + Ch+ where k is the 

observed over-all reaction rate constant, each result being weighted 
to give a minimum percentage error, the following values are obtained: 
ka = 0.0682, kb = 0,000150, ku+ = 116.8. It is obvious that the 
catalytic constant for the salicylate ion is negligible, and on the 
assumption that h zero, the values become: ka = 0.0683, kH+ = 116.5. 

It was thus established that the exchange reaction between acetone 
and the oxygen of water is catalyzed by hydrogen ion, hydroxyl ion, 
and the salicylic acid molecule, but not by salicylate ion. The fact 
that salicylate ion does not catalyze the reaction does not, of course, 
exclude the possibility of observing basic catalysis if stronger bases 
than salicylate ion were used. However, a preliminary investigation 
showed that in the presence of secondary phthalate ion, a much 
stronger base, the catalysis is very small, if not zero. 
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MECHANISM OF THE ACETONE-WATER EXCHANGE 

The mechanism considered by Cohn and Urey to be the most 
probable for the acid-catalyzed exchange is the following: 

EsCO + HA (RaCOHl^ + A- 
(R*COH)+ + HsO ;:± J”" 

Following these three steps, all the reactions must be reversed in 
order to return to acetone with an exchanged oxygen. Only the first 
step or the third step could be rate controlling, since only these will 
give the observed general acid catalysis. 

If this mechanism is correct, the rate of this reaction is significant 
in interpreting the mechanism of the enolization of acetone. Pederson® 
has shown the following to be by far the most probable mechanism for 
the acid-catalyzed enolization: 

(CH8)iCO -I- HA (CH8)aCOH+ -|- A- 
(CH,)8COH^-1-A-^CH8\^_^jj^^^ 

CH2 

Either of these two steps could be rate controlling for both would give 
general acid catalysis. 

The present exchange reaction affords a method of distinguishing 
which of these steps must be the slower. It can be seen that the 
first reactions of both mechanisms are identical. Now, as nearly as 
could be estimated by Cohn and Urey, the hydrogen ion catalyzed 
enolization reaction is slower than the oxygen exchange reaction by a 
factor of 500. This implies that the rate of the first step in the ex- 
change (and hence in the enolization) is at least 500 times as gi-eat as 
the rate of enolization itself. Of necessity, then, the second step of 
the enolization mechanism (proton removal) is rate controlling. 

It should be mentioned, however, that several alternative mech- 
anisms for acetone exchange are possible; this will be seen from the 
discussion of the benzoic acid exchange mechanism given below. 

A further conclusion to be drawn from this work is that the rapid 
and reversible formation of an acetone hydrate in one step 


8 Pederson, Jour. Phys. Ohem. 38: 681. 1934. 
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R 2 CO + H 2 O R2C(0H)2 

is not possible. If such were the case, the oxygen exchange of acetone 
would not only be rapid, but also uncatalyzed by acids or bases. 

KINETICS OF THE BENZOIC ACID-WATER EXCHANGE 

Benzoic acid exchanges both its oxygen atoms with that of water, 
the reaction being catalyzed by acids, as is the case for the exchange 
of carboxylic acids in generaP^ The usual method for following 
exchange, that of mixing comparable amounts of the reacting sub- 
stances, cannot be used at ordinary temperatures in the case of 
benzoic acid since the compound is not sufficiently soluble in water to 
cause an appreciable change in the heavy oxygen content of the water. 
Rather than introduce the complication of a mutual solvent, a method 
of determining the heavy oxygen content of benzoic acid was devised 
and the kinetic expeiiments were carried out in dilute aqueous solution. 

EXPERIMENTAL 
Decarboxylation Apparatus 

The determination of the 0^® content of benzoic acid depends upon 
the observation of Sabatier and Mailhe*^ that benzoic acid will be 
converted almost quantitatively into benzene and carbon dioxide 
when passed over reduced copper at 500®. For this work, it was 
necessary to construct an apparatus which would perform the decar- 
boxylation of a few milligrams of benzoic acid in a stream of nitrogen 
gas, and which would be free of traces of oxygen, carbon dioxide, water, 
or copper oxide. In addition, after each conversion, the apparatus 
had to be easily made ready for the succeeding one, since many 
samples were to be converted for each kinetic experiment. 

The apparatus finally used is shown in figure 1. Tank nitrogen 
was admitted at the left through a flowmeter (A) and successively 
through a tube of copper at 350® (R), a bubbler containing sulfuric 
acid (C), and tubes D and E, filled with potassium hydroxide and 
anhydrous calcium sulfate, respectively. At this point the nitrogen 
can be made to take one of two paths: if stopcock K is closed, it can 

" Roberts, Jour. Ohem. Phys. 6: 294. 1938. 

10 Senkas Ss Brown, Jour. Org. Ohem. 2: 569. 1938. 

The present work shows that the statement of Koizumi & Titani (Bull. Ohem. Soc. 
Japan 13; 607. 1938) that only one oxygen atom of benzoic add is readily exchangeable 
cannot be correct. Such a statement is quite unreasonable in the light of our present 
knowledge of the rapid dlssodation of the hydrogen ion from a carboxylic add and of the 
symmetrical structure of a carboxylate ion. 

Sabatier & Mailhe, Oompt. Rendu 159: 219. 1014. 
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pass thi-ough J into the decarboxylation tube (J) containing copper at 
600® and into the air through stopcock F . On the other hand, with 
stopcock J closed, the nitrogen could enter tube I through stopcock F 
and pass successively through K, a trap (L), and into the air thi-ough 
stopcock 0. Tube / v as made of temperature-resistant glass (Corning 
172) and sealed directly to the pyi-ex tubing at either side. Tube II 
was 1.5 cm. in diameter and contained a ring seal with an opening of 
about 2 mm. diameter. The apparatus also contained a safety (G), 
a manometer {M), a sample tube fitted with a break seal (iV), and 
a trap (P) surrounded with solid CO* to protect a Hyvac pump 
connected at the right. 

After sweeping out with hydrogen gas to reduce the oxides of copper. 



the entire apparatus was evacuated and filled with nitrogen. Trap L 
was suiTOunded with liquid Na. The nitrogen stream was then ad- 
justed to 30 c. c./min. and directed through J, through tubes I and II 
and into the air through F (stopcocks K and 0 being closed). The 
plug in tube H was removed, the tube containing the benzoic acid 
inserted around the ring seal and the plug replaced. The benzoic acid 
sample tubes which were 10 mm. in diameter and of the shape shown 
in the upper left of figtjee 1, were first wiped with chamois to remove 
any organic material which would produce carbon dioxide on being 
heated. The purpose of the inner seal of tube E was to direct the 
stream of nitrogen into the benzoic acid sample tube when it was put 
into place. 

After sweeping out the air introduced with the tube for four 
minutes, the nitrogen stream was reversed by turning stopcock F , 
closing stopcock J, opening stopcock K, and opening stopcock 0 to 
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the air. The benzoic acid was then sublimed into I with an ordinary 
Bunsen flame, both the benzene and the carbon dioxide produced 
being caught in trap L. After allowing the nitrogen stream to con- 
tinue for Mteen minutes, stopcocks 0 and K were closed, and the gas 
was again dii-ected through J, I, H, and F, into the air. The nitrogen 
gas remaining in the portion of the apparatus to the right of stopcocks 
J and K was then pumped out through 0 and P. Stopcock 0 was 
turned off and the liquid nitrogen around trap L was removed and 
replaced with solid carbon dioxide-acetone mixture, thus keeping the 
benzene frozen while allowing the carbon dioxide to vaporize. After 
observing the pressure on the manometer (M), the carbon dioxide 
was distilled into the sample tube (JV) by coolmg it to liquid nitrogen 
temperature, the sample tube being then sealed off at the side-arm 
and set aside for mass spectrometer analysis. 

To prepare the apparatus for the next conversion, the next benzoic 
acid sample was inserted, stopcock 0 was opened to the air and a new 
carbon dioxide sample tube sealed on. The air was then pumped out, 
liquid nitrogen placed around trap L, and the evacuated space filled 
with nitrogen through stopcock J (stopcock F having been closed). 
In this way no air was admitted to tube I at any time. The nitrogen 
stream was again directed from left to right through tube I and the 
process carried out as before. The time elapsed between the begin- 
ning of one conversion to the beginning of the next was about 55 
minutes. 

Heavy oxygon benzoic acid was prepared as follows: a solution of 
1.7 grams of benzoic acid in 65 c. c. of heavy oxygen water which was 
also 0.1 N in hydrochloric acid was allowed to stand in the thermostat 
at 80® for 48 hours. The heavy oxygen water and the hydrochloiie 
acid were completely distilled away in vacuo, and the remaining solid 
was powdered and dried over phosphorous pentoxide. Conversion of 
a sample to carbon dioxide by the above procedure and analysis in the 
mass spectrometer showed that this benzoic acid contained 0.465% 0'^. 
Ordinary benzoic acid was found to contain 0.204% 0**. 

Kinetic measurements were made in an oil thermostat set at 80.00 
± 0.03® with a Bureau of Standards platinum resistance thermometer. 
In general, 10 c. c. of hydrochloric acid solution (ordinary H 2 O or 
H 20 ^®) were pipetted into a 20 c. c. long-necked flask fltted with a 
ground glass joint and stopper. After allowing the flask to stand in 
the thermostat for at least thirty minutes, a glass bucket containing 
about 120 mg. of benzoic acid (ordinary or heavy) was lowered into it 
by means of a platinum wire. The flask was shaken vigorously and 
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the time recorded; the benzoic acid was completely dissolved within 
one minute. 

At known intervals, approximately 1 c. c. portions were withdrawn 
by means of a long medicine dropper and delivered into the benzoic 
acid sample tubes of the type mentioned above and shown in the upper 
left of FIGURE 1. The tubes were immediately chilled to room tem- 
perature, causing most of the benzoic acid to crystallize and effectively 
stopping the reaction. Most of the solution was then drawn off by 
means of a fine capillary pipette, the benzoic acid crystals being largo 
enough to remain behind. Before decarboxylation, the last traces of 
water were pumped away from each sample by inserting the tube into 
a larger tube fitted with a ground cap and connected to a Hyvac pump. 

The eflficiency of this drying process was tested by crystallizing 
ordinary benzoic acid from heavy oxygen water in the absence of 
hydrochloric acid catalyst, drawing off the water, and pumping for 
various lengths of time. The benzoic acid was then decarboxylated 
and the carbon dioxide analyzed in the mass spectrometer. It was 
found that four hours of pumping were necessary to remove the water 
completely within the precision of analysis. About one-fourth of the 
benzoic acid was also lost during the pumping process. 

The carbon dioxide samples from the benzoic acid decarboxylations 
were analyzed for the ratio of mass 44 to mass 46, corresponding to 
the species and O'®, respectively. The relation of the 

heavy oxygen content of the carbon dioxide to this ratio can be seen 
from the following: if a is the atom fraction of O'® in the carbon 
dioxide, the amounts of the three species CO 2 '®, CO'* O'® and CO*'* 
will be in the ratio a® : 2a (1 — a) : (1 — a)*, assuming the gas to be 
in statistical equilibrium. The ratio of mass 44 to mass 46 will then be 


Solving for a we have 


(1 - a)® 

R — 

2 a (1 - a) 

1 

a = 

2R + 1 


as the formula for calculating the mol fraction of O'® from the experi- 
mentally determined ratio. 


KINETICS OF THE REACTION 

In the exchange of O'® between benzoic acid and water, the three 
species of benzoic acid and two species of water react as follows: 
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h 

fc-i 

kz 

$ CO'^Om + 4> COo«H + 

X-2 

Assuming that there are no specific differences in reactivity between 
0^® and 0^® species of the same compound, and that both oxygens of 
benzoic acid exchange with equal ease, the relations of the various 
rate constants to each other may be determined b}^ inspection. For 
example, at equal concentrations, reaction 1 will be twice as successful 
as reaction 2, since only half the reactions of $ C0^®0^®H with H 20 ^® 
will result in exchange; that is 

h = fri/2 

In like manner, it will be seen that — 1 == kil2 and that 7f-2 = fci. 

If the three forms of benzoic acid are statistically distributed, their 
concentrations may be represented: 

[$ COa^^H] - cOgH] 

[4> CO^^Om] = 2a (1 - a) [$ CO 2 H] 

[4» Wm] = (1 - a)2 [$ CO 2 H] 

where a is the atom fraction of 0^® in the benzoic acid and C 02 H] 
is the (constant) total concentration of the benzoic acid in mole/liter. 
Similarly, we may write 

[HsO^®] = ^ [H 2 O] 

[HsO^®] = (1 p) IH 2 O] 

where [H 2 O] is the total concentration of water and ^ is the atom 
fraction of 0^® or the mol fraction of H 20 ^® in the water. 

Considering the initial condition in which the benzoic acid contains 
the excess of O^®, the rate of the reaction will be 

— I [0‘«] in benzoic acidl = — | [$ C0«0«H1 + 2 [$ COs«Hl 
df I ; d« I 

C02«H] [H20«] + fc* C0«0‘«H] [H20“] 

C0«0»H1 [H 2 O 1 ®] - ft-4 [$ C02«H] [H20‘*] 
Substituting for the various rate constants their equivalents in terms 
of fci and for the concentrations of reactants the values pven above, 
we obtain, after cancelling terms 
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- 2 [$ CO2H]— = h [$ CO2H] [H2O] (a - &) 
at 

— == fc (^ — cz), where k = ki [H20]/2. 


Therefore the change of the content of the benzoic acid with time 
should be independent of the concentration of benzoic acid and first 
order in the difference of 0^® content of the reactants. Integrating, 
holding & constant^® 


2.303 

k = 

t 


log 


a — P 
ao — & 


By an entirely similar derivation, it can be shown that when the 
water contains the excess of initially 


2.303 

i 


log 


& — ao 
^ — a 


Velocity constants were obtained from the slope of the least squares 
line obtained by plotting log (a — against time. The results of the 
five experiments performed are shown in Table 3. A comparison 
of Experiments 1 and 2 will show that the rate of the reaction is 
independent of which reactant contains the excess of 0^® initially. 
In Experiment 3, the hydrochloric acid concentration was increased 
fivefold, causing a fivefold increase in the rate. Decreasing the con- 
centration of benzoic acid by a factor of two in Experiment 4, had no 
effect on the reaction velocity, as predicted by our derivation above. 
Finally, addition of potassium chloride in Experiment 6 had no effect 
on the rate, demonstrating the absence of any salt effect. The varia- 
tion of fcff is within the precision of about 4% for the determination 
of a rate constant. 

The fact that the exchange reaction is first order in hydrogen ion 
serves to demonstrate the similarity of the nature of this reaction to 
the acid catalyzed esterification and ester hydrolysis reactions. 


« Under the conditions of these experiments, the water is in large excess over the benzoic 
acid so that the heavy oxygen content of the water does not change measurably. If the water 
were not in large excess, one would proceed, as in the case of the acetone exchange, by noting 
that the total concentration is a constant, i. e. 

2 a COsH] + fi [H3O] « constant. 

Substituting for in the above rate expression, 

^ 2^ I [0“J — a ([HaO] + 2 COsH]) , an equation which is symmetrical In the water 

and the benzoic acid and which is easily integrated. 
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Table 3 

Rates op Exchange at 80® C. 


Expt. 

O£0 

/3 

[HCll 

[<E» COaHl 

k 


1 

0.00204 

0.00515 

0.0932M 

0.1088M 

0.00129 

0.0138 

2 

0.00465 

0.00200 

0.0936 

0.1058 

0.00129 

0 0138 

3 

0.00465 

0.00200 

0.478 

0.1082 

0.00693 

0.0145 

4 

0.00465 

0.00200 

0.478 

0.0564 

0.00711 

0.0149 

S’- 

0 00465 

0.00200 

0.0936 

0.1009 

0.00131 

0.0141 


This reaction mixture was also 0.0037N in potassium chloride. 
+* kjj is the rate constant for IN hydrochloric acid. 


Mean kg » 0.0142 =b 0.0004 

The agreement of the rates of these three reactions with each other 
offers further evidence towards this conclusion. It has already been 
demonstrated that in methyl alcohol as a medium, the rates of esteri- 
fication and exchange of benzoic acid are coinparable^^» In addition, 
the rate of hydrolysis of methyl benzoate at 80° is of the same order 
of magnitude as the rate of exchange determined in the present work,^® 
the exchange being about ten times faster.^^ 

The mechanism of benzoic acid exchange is intimately bound up 
with the mechanisms of the similar ester hydrolysis and esterification 
reactions. Therefore, the mechanisms of all three reactions will be 
considered in the following section. 


THE MECHANISMS OF ACID CATALYZED ESTER HYDRO- 
LYSIS, ESTERIFICATION AND OXYGEN EXCHANGE 
OF CARBOXYLIC ACIDS 

In addition to the known kinetic data on the acid hydrolysis of 
esters and on the esterification of carboxylic acids, we now have 
available the results of heavy oxygen studies of both the esterifica- 
tion^® and the exchange of carboxylic acids, Roberts and Urey^® were 
able to show that by combining these data, it was possible to eliminate 
all but a few of the large number of mechanisms which may be proposed 
for all three reactions. 

» Roberts & tJrey, Jour. Am. Cliem. Soc. 60 : 2301, 1938. 

Herbert & Iiatider (Trans. Faraday Soc. 34: 1219. 1938; Nature 142 : 954. 1988) have 
predicted this result on the basis of previous experiments (ref. 9). 

16 Bolin, Zeit. Anorg. Chem. 177 : 227. 1938. 

17 The observed ka for the exchange was multiplied by 2 to obtain ki HsO 0.0284 as 
compared to k HsO » 0.0028 calculated hrom the data of Bolin for the hydrolysis. ki as 
defined in the derivation above is the constant which should be used for this comparison 
since It represents the rate constant for the exchange which is effective at every reaction. 

IB Roberts Ss Urey, Jour. Am. Ohem. Soc. 60: 2391. 1938. 

7* Roberts & Urey, Jour. Am. Chem. Soc. 61: 2584. 1939. 
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The three reactions show a number of striking similarities. Besides 
the structural similarity of reactants and products, the reactions are 
all catalyzed by acids. In addition, there seems to be little doubt that 
both the hydrolysis and esterification are general acid catalyzed. 
Dawson^® has shown that the hydrolysis of ethyl acetate is catalyzed 
by acetic acid molecules, chloroacetic acid molecules and bisulfate ions. 
Hinshelwood-^ has demonstrated catalysis of the esterification by a 
number of fatty acid molecules and Goldschmidt^^ has done the same 
for such acids as trichlorobutyric acid. On the basis of this general 
acid catalysis the retardation of esterification in alcoholic media by 
the addition of water discovered by Goldschmidt^^ is explained by the 
fact that ROH2+ is a stronger acid than H3O+ in the Bronsted sense. 
The exchange of oxygen between benzoic acid and water is first order 
in hydrogen ion; as yet there is no data to determine whether the re- 
action is general acid catalyzed. 

A further correlation lies in the fact that the rates of the three 
reactions are of the same order of magnitude. The nearness of the 
rates of hydrolysis and esterification is well known; one of the prob- 
lems in studying the kinetics of either reaction has been the elimina- 
tion of the reverse one. Furthermore, in a methyl alcoholic medium 
containing about five per cent water, the rate of esterification is about 
twice the rate of exchange of benzoic acid;^® when these rates are cor- 
rected to the same concentrations of methanol and water, the latter 
is about four times as fast as the former. Finally, in water as a medi- 
um, the rate of exchange of benzoic acid is about ten times the rate of 
hydrolysis of methyl benzoate at the same temperature, as shown 
previously. 

A similarity in the linkages broken on esterification and exchange is 
also known. In the esterification of benzoic acid a carbon-oxygen bond 
of the benzoic acid is broken rather than that of the methyl alcohol.^^ 
The same must of course be true for the exchange of oxygen between 
benzoic acid and water. A recent heavy oxygen study of acid cata- 
lyzed ester hydrolysis has shown that the same linkage is broken in 
this reaction.2^ 

Because of the above evidence, it can be assumed that the mecha- 

30 Dawson & Lowson, Jour. Chem. Soc 2444 1927; 393. 1929 Dawson, Pycock & 

Spivey, Jour Ohem Soc. 291. 1933. 

31 S^lfe ^ Hlnshelwood, Trans. Faraday Soc 30: 935 1934. Newling & Hinshelwood, 

Jour. Ohem. Soc. 1857. 1936. Fairclough & Hinshelwood, Jour. Chem. Soc 593 1939. 

33 Goldschmidt, Trans. Faraday Soc 24; 662. 192S. 

33 Goldschmidt, Ber. 28 : 3224. 1895. Goldschmidt & Udby. Zeit physlkal. Ohem. 60: 

728 1907. 

34 Datta, Day & Ingold, Jour. Chem Soc., 888 1938. 
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nisms of all “three reactions are entirely similar. This would presup- 
pose a symmetrical mechanism for esterification and hydrolysis, since 
it is reasonable to assume that the reverse of one would be the mecha- 
nism of the other. The term “symmetrical mechanism’’ is used here 
in the sense that the reverse of such a mechanism for esterification 
will be a mechanism for hydrolysis which is structurally similar to it. 
A symmetrical mechanism must obviously be the case for the oxygen 
exchange reaction, where for example the mechanism of the reaction 
of RC0^®0^®H with would be similar to its reverse, the reaction 

of EC 0 ^® 2 H vdth H20^^. Finally, as a further simplification, the usual 
assumption is made that each mechanism will contain only one rate 
controlling step, z. e. that there is only one activated complex whose 
disappearance controls the rate of the reaction. 

An important consideration which does not seem to have been 
previously emphasized is that the esterification and hydrolysis reac- 
tions are very probably first order in alcohol and water, respectively. 
The existence of the relationship 

mole ester X mols water 

mols alcohol X mols acid 

which is so universal as to be largely independent of medium as well 
as temperature^ would argue at least at equilibrium for a first order 
dependence of esterification rate on the alcohol concentration and of 
hydrolysis rate on the water concentration. While some reactions are 
known to change in mechanism while approaching equilibrium, this 
would not be expected to take place for these comparatively simple 
reactions. This is especially true for the exchange reaction, where 
the equilibrium constant is undoubtedly very close to unity. It is 
therefore difficult to see how the first order dependence on the alcohol 
and water concentration would apply to the condition of equilibrium 
and not to other conditions. 

In addition, a first order dependence of the rate of esterification on 
the alcohol concentration is known in formic and acetic acid as media 
from the cryoscopic measurements of Kailan and co-workers®® who 
have also demonstrated different esterification rates for different 
alcohols, 

THE REACTIVE COMPLEX 

It is possible to eliminate immediately a large number of mechanisms 
by a consideration of the reactive complex for each of the three reac- 

»Berthelot&PeandeSt.Gilles, Ann. Cliim.Phys. (3)65:886. 1862;66:5. 1862;68: 
225. 1863. SclllQtz, Jour. Am. Obem. Soc. 61; 1443. 1939. 

Kailaa & eo-worken, Monatsb. 51: 334. 1929; 60: 386 1932; 61: lie. 1932; 62: 

284. 1933; 63: 52. 1933; 63: 155. 1933 
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tions under discussion. As Wynne- Jones and Eyring®^ have empha- 
sized, kinetics of a reaction alone can only determine the compounds 
entering into the rate controlling step, ?. e. the composition of the 
reactive complex. Granting that the exchange, esterification, and 
hydrolysis reactions are general acid catalyzed and first order in 
alcohol or water, their reactive complexes must be, respectively, 
R'COOH.HaO.HA, R'COOH.ROH.HA and R'COOR.HaO.HA. Of 
course the last two are identical since the reactive complex must be 
the same for forward and reverse reactions. 

Having determined the composition of the critical complex, it can 
be stated that all mechanisms which do not form this complex are 
incorrect. Under this classification falls a group of bimolecular 
mechanisms (i. e. mechanisms consisting of a seiies of bimolecular 
steps) several of which have been widely supported. For example, 
the esterification mechanism of Watson^® although not given as a 
symmetrical one, ma}" be written 


R^ 


\OH 


+ HA 



>'-<ohT+«oh 


/OHl t 
R' - C^OH 
\OR 

I 

H 


(I-l) 

(1-2) 


/OH1 
R' - C A)H 
\OR 

4 

R' - 

/OH-] 
- Cf OHa 
NOR 

1 

H ^ 


- 

- 


j^R' - + H 2 O (1-4) 

The reverse of this mechanism will be seen to be a similar mechanism 
for ester hydrolysis. 

None of these steps produces the critical complex required by the 
kinetic data for step (I-l) lacks a molecule of alcohol, steps (1-2), 
(1-3) and (1-4) lack an A" ion, and step (1-5) lacks a water molecule. 

Wynne- Jones & Eyring, Jour. Chem. Phys 3: 492. 1935. 

SB Eynns, Morgan & Watson, Jour Ohexn. Soc. 1168. 1935 Watson, ‘'Modern Theories 
of Organic Ohenustry**, Oxford University Press. 139. 211 1937. 
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Or, from another point of view, one may state that step I-l cannot be 
rate controlling, since the reaction would then be independent of the 
alcohol concentration, and that step 1-2 cannot be rate controlling, 
for then the reaction would be specific hydrogen ion (»atalyzed. This 
last may be seen from the rate expi-essions 

V . 1. IllOHI [r- - . k. 

fr K 

= [ROH] [RCOOH] [Hi 


where is the rate constant for step (1-2), Ki is the equilibrium con- 
stant for step (I-l), and Ka is the dissociation constant of the acid 
HA. Similar reasoning would apply to the other steps, but this is suf- 
ficient to demonstrate that the much simpler consideration of the 
critical complex involved would eliminate these steps as possibilities. 

The mechanism proposed by Ingold^^*^® for ester hydrolysis in- 
volving the intermediate ion RCO+ is similarly eliminated since none 
of its steps contains the correct reactive complex. In fact, on this 
basis, eight other such bimolccular mechanisms have been eliminated, 
any of which are as reasonable as the two mentioned above. 

There are three possible mechanisms, however, which do lead to the 
reactive complex required by the kinetics. One of these is a bimolecu- 
lar mechanism: 


-‘'Ch + -<ohT + ''- 

[ 




/OH 
R' - C^OH 
\OR 

H -* 


(II-l) 

(II-2) 


ir 


/OH' 

C^OH 

\OR 

ik ■ 


+ A- 


/OH 

R' - C^OH + HA 
\OR 


(II-3) 




/OH 1+ 

C^OHs +A- 
\OR. 


/OH 
R' - C^OHj 

Nor 




+ H20 


(II-4) 


(11-5) 


>’ Ingold & Ingold, Jour. Cbem Soo 756. 1932. 
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Reaction (II-l) cannot be rate controlling since it does not contain 
the alcohol. If (II-2) or (II-5) were rate controlling, the reaction 
would bo specific hydrogen ion catalyzed. (II-6) cannot be rate con- 
trolling since it does not contain the water. Only (II-3) or (II-4) 
contain the required reactive complex and hence can be rate con- 
trolling. Modifications of this reaction mechanism may be made. 
Thus instead of (II-l) a reaction donating the proton to the OH 

group giving J possible. This might be followed by 


r /OH1+ 

the addition of the ROH to the double bond giving R' — C^OH 2 , 

L \OR J 


The remainder of the mechanism could then be written in a symmetri- 
cal way. 

This mechanism II or its modification discussed above, is in line 
with current mechanisms of similar reactions. From this point of view, 
the formation of an acid or ester ion by the addition of a proton seems 
probable. Only after the formation of such an ion or when HA is in 
the neighborhood of the acid or ester could water or alcohol take part 
in the reaction since otherwise the reaction would not be catalyzed. 
The addition and subtraction of protons represented by steps (II-3) 
and (II-4) are commonly assumed mechanisms. 

Lowry®° has proposed a termolecular mechanism for esterification 
of the following nature: 


E' - HA + EOH 


/OH- 
E' - C^OH 
\OE 


/OH" 
R' - C^OH 
\OR 

H -■ 


^j^R' - C 


H -* 
yOH-l' 


+ A- (III-l) 


(in-2) 


R' 


/OH 

C^OHs 

\OR J 


+ A 



+ HO + HA (III-3) 


where either step (III-l) or (III-3) may be rate controlling. This 

» homj, Jour. Ohem. Soc 1381. 192S: Trans. Faraday Soc. 24: 546. 1928. Waters & 
Lowry, "Fhydcal Aspects at Organic Ohenustn”, Yan Nostrand, 270-272. 1936 
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mechanism ih entirely possible, since it would j^ield both general acid 
catalysis and a first order dependence on the alcohol concentration 
or on the water conc('ntratiou in the case of the hydrolysis reaction. 

An alternative mechanism would be obtained by separating step 
(III-l) into the equivalent icactions 


ir - 




0 


S^OH+HOH^ir-C^OH 


(iv-l) 


R' - C^OH + HA 

\OR 

I 

H 


H 


OH' 


ir - C^OH 
\OR 


H 


+ A- 


(IV-2) 


in which step (IV-2) would be rate controlling. This differs from 
mechanism (III) merely in that it supposes a time interval between 
addition of alcohol and catalyst molecules, rather than a simultaneous 
addition of the two to the carboxylic acid. In the case of ester 
hydiolysis this mechanism is lent some support by cryoscopic studies 
which demonstrate the existence of ester-water compounds in aqueous 
solution.®^ 

The complex formed in step (IV-1) cannot be of the type 
yOH 

R' — C^OH since this reaction and its reverse would result in un- 
\OR 

catalyzed esterification (if a water molecule were removed) as well as 
rapid uncatalyzed exchange of carboxylic acids. Step (III-3) could be 
divided into two steps in an entirely similar manner. 

The reactive complex method also proves to be more than a method 
of simplification; it may, in addition, bring out mechanisms which 
might otherwise have been missed. For example, in the exchange of 
oxygen between acetone and water, not only is the bimolecular 
mechanism of Cohn and Urey a possibility, but several other mecha- 
nisms, including a termolecular one, will yield the same reactive com- 
plex. At the present time, there seems to be no method of distinguish- 
ing among these mechanisms for acetone exchange, and also of dis- 
tinguishing among the mechanisms proposed for the three reactions 
discussed in this paper. However, the elimination process which we 
have presented above does lead to a criticism of current theory of the 
relative rates of acid catalyzed reactions in light and heavy water. 


1 Kendall & Harrison, Trans Faraday Soc 24: 588. 1028 
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The criterion of prp-(*quilibriuni proposed by Bonhoeffer and Reitz'*^ 
is based on a two step mechanism similar to the first two steps of 
mechanism I. The criterion may be stated as follows: If the rate of 
an acid catalyzed reaction is increased on going from H2O to D2O then 
a pre-eqnilibrium exists and the reaction is specific hydrogen ion 
catalyzed. If, however, the rate is decreased on going from H2O to 
D2O, the first step is not an equilibrium but is rate controlling, and 
the reaction is general acid catalyzed. 

It has been demonstrated that the rate of ester hydrolysis is greater 
in D2O than in H2O for both methyl acetate^ and ethyl acetate.®^ Thus, 
by the above criterion, we would expect the reaction to be specific 
hydrogen ion catalyzed. Actually, the data of Dawson quoted above 
shows that ester hydrolysis is general acid catalyzed. A similar con- 
tradiction exists for the esterification reaction. Since the equilibrium 
constant for the equilibrium ester + water alcohol + acid does not 
change on going from H2O to D20,^®» and since the rate of hydrolysis 
is known to be greater in D2O than in H2O, the rate of esterification 
must also increase on going from H2O to D2O. Here again the data 
quoted above shows general acid catalysis, whereas the Bonhoeffer 
criterion would predict a pre-equilibrium. 

The source of these difficulties lies in the assumption of a simple two 
step mechanism, a mechanism which, as we have shown in the dis- 
cussion given previously, is very improbable for ester hydrolysis 
and esterification since neither of these steps contains the correct 
reactive complex. 

CONCLUSION 

It can be seen that a study of the kinetics and mechanisms of two 
oxygen exchange reactions has proven very fruitful not only of kinetic 
data of a new type, but also of information valuable in the considera- 
tion of the mechanisms of related organic reactions. It should be 
emphasized that oxygen exchange reactions proceed at convenient 
rates with no change in the medium and arc of a simple first order 
dependence. Future kinetic measurements on the reactions discussed 
should include temperature coefficients and rates in H20~D20 mix- 
tures. 

32 Bonhoeffer & Reitz, Zeit. phjrsikal. Chem. (A) 179: 136. 1937. Bonhoeffer, Trans 
Faraday Soc. 84: 252. 1938. B^tz, Zeit. Electrochem. 44: 72. 1938 

» Homel & Butler, Jour. Ohem. Soc, 1861. 1936. 

** Schwarz, Zeit. Electrochem. 40: 474. 1934. 

»Kachod, Zeit. Electrochem. 44: 72. 1938. 

K afl an & Ebeneder Zeit. physilca]. Ohem. (A) 180: 157. 1937. 



THE CALCULATION OF EQUILIBRIUM VALUES 
AND RATE CONSTANTS FOR REACTIONS 
IN D2O-H2O MIXTURES 


By Fuank BuEbCiA and Victor K. LaMer 


From th( Colhgt of the City of New Yorh^ and Columbia University, New York 


The valuer of hydrogen and deuterium ion concentrations in 
D2O-H2O mixtures, obtainable from kinetic data for a single reaction, 
may be successfully used to calculate equilibria data. In turn, the 
equilibrium data may be used to predict the kinetics of other reactions. 

An equation, from which the concentration of and D+ can be 
calculated, is derived from the results of an investigation, over the 
entire range of D2O-H2O mixtures, of the kinetics of the specific 
hydrog('n ion catalyzed hydrolysis of ethyl orthoformate in acetic 
acid-sodium acctat(‘ buffers of constant ratio, on the basis of the 
following considerations. 

The dissociation constants of acetic acid and of deutero-aeetic acid 
are assumed to be indcpeiid(mt of the deuterium content of the solvent 
water. This assumption is justified since the dielectric constants 
and the activity coefficients at constant ionic strength are practically 
independent of the D content of the solvent. That is 


Kn = 


Cu^ • Cac 
ChAo 


( 1 ) 


and is constant in any mixture of D2O-H2O at constant ionic strength. 
Similarly, 


Ko = 


^ Cac 


CdAo 


( 2 ) 


in any raixtun' of D20-H2( >. 

Twice the concentration of acetic anhydride equals the sum of the 
concentrations of acetic and deutcroacetic acids formed or 


CllAo +■ CoAe ~ ^CalJ) ( 3 ) 

On the assumption, previously made by Hamill and LaMer^ to 
explain the kinetics of the sucrose inversion in D and H waters, that 
the velocity in D2O-H2O mixtures is proportional to Ch+ and Cd+ 

k = ks+CH-^ + fcn+GD-i- 

1 Wfemiii Ss LaMer, Jour. Chom. Pbys. 4 : 294. 1036. 
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where fcfl+ and fc 2 >+ are the specific catalytic coefficients experimentally 
determined in Fp = 0 and Fo = 100 solvents, respectively, and k is 
the measured rate constant, for buffer ratio 0.001 M AcjO/O.lM NaAc, 


(1) 

(2) 

(3) 

(4) 

Fd 

Cb* X i0» 

Cd* X 10* 

Kt 

26.40 

3.68 

0.624 

3.99 

55.60 

1.93 

1.16 

3.72 

78.49 

0.827 

1.49 

3.46 

92.51* 

0.303 

1.65 

3.86 



0 20 40 60 80 100 

Fv. 


Fioubb 1. 


in a water of deuterium content Fd. Fd = AS (100)/0.1079. The 
kinetic measurements were dilatometrically made. 

From the above four equations we arrive at the expression: — 

^ hD+ ■ 2 Caoo ■ Kb Kk 

Cb+ (5) 

— Kkn+'i kD* — KkB+ 

kB+ — 5.93 X 10^; &z»+ = 1.39 X 10®; Kn = 2.87 X 10“®, determined 
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by Harned and co-workers;^ K = KhIKd = 3.3, determined by 
LaMer and co-workers® from conductance and e.m.f. measurements. 
Cd+ is then obtainable from Chh. 

From the values of Cn+ and Ci>+ so obtained from the kinetic data, 
the equilibrium constant, for the process D+ + H 2 O = + 

HDO is calculated to be 3.76 (figtjjre 1). De finin g the dissociation 
constant of a weak acid in D 2 O-H 2 O mixtures as Km = (Ch++Cd+) 
A^/HA + DA, the following equation for the calculation of dissocia- 
tion constants of weak acids in mixtures of the oxides can then be 
derived from K ^: — 

£..JC.[l+3.76^yi+3.76(g)^J (6) 

where Ku is the dissociation constant of the acid in the mixtures of 
H 2 O-D 2 O, Kj) is the dissociation constant of the heavy acid, and Kb 
is the dissociation constant of the light acid. 

The Km values, calculated from equation 6, are in very good agree- 
ment with the experimental results.^ This agi’eement for hydro- 
quinonc^ is shown in the figure one and it is equally good for acetic 
and benzoic acids.* It is apparent that true values of hydrogen and 
deuterium ion concentrations are obtainable from kinetic data when 
tested by means of acid dissociation constants. This also constitutes 
proof of the validity of the basic assumption that for a specific hydro- 
gen ion catalyzed reaction, the rate in DsO-HzO mixtures should be 
proportional to the relative concentrations of D+ and H+. 

It is also possible to predict the rate constants for specific hydrogen 
ion catalyzed reactions in mixtures of the oxides from 

(a) the equilibrium equation D+ + HjO = H+ + HDO; Kt — 3-76 

(b) the equation Cn+ + Ch+ = concentration of strong acid in any 
oxide mixture 

(c) the previous hypothesis that the rate is proportional to Fd+. 

Similar predictions may be made for specific hydroxyl ion catalyzed 
i-eactions from the corresponding equations: — 

(aO OH- + HDO = OD- + HaO; K^ = 0.225 

s Hamed & Bobinson, Jour. Am Chem. Soc. 50; 3157. 1928 Hamed Ss Owen, Jour. 
Am. Obem. Soc. 62: 5079. 1930. 

> Eonnan & LaMer, Jour. Am. Chem. Soc. 58: 1896. 1936. Chittnm & LaMer, Jour. 
Am. Chem. Soc. 59 : 2425. 1937. 

4 Ghittom ds LaMer, cf. ref 3. Buie & LaMer, Jour. Am. Chem. Soc. 60: 1974. 1988. 
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(bO CoH- + Cod- == coucontralion of alkali in any oxide mixture 
(cO “= ko//- Co//- + froD- Con- 

where kos- and fcon- are the specific rate constants in Fo = 0 and 



Fd — 100 solvent and k is the rate constant at different intermediate 
fractions of D. 

The value of Ki is derived from the equilibrium constant 3.27, cal- 
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culated by Topley and EjTing,* for the process HjO + D 2 O = 2HDO, 
from Ki (3.76), and from the equilibrium constants of the folloTOng 
processes, determined by Wynue-Jones :* — 


H*0 = + OII- 


D 2 O = D+ + OD- 


Khw 


Kdw 


10-u 
55 33 

195 X 10-’' 
55 15 


The predicted rates are in good agreement with the available 
experimental data for specific hydrogen ion catalyzed reactions in 
which the rate is faster in D 2 O— namely, the hydrolysis of methyl 
acetate, acetal, and ethyl formate studied over a range of D and H 
waters by Butler and co-workers.’’ This agreement is illustrated in 
FIGURE 2 with the methyl acetate reaction. Very poor agreement is 
obtained in the sucrose inversions* and glucose rautarotation® reac- 
tions. In the mutarotation of glucose leaction, w’hich is exceptional 
in that the !•/)+ is smaller than the the the theoretical curve 
shows a positive deviation from linearity whereas the best curve 
through the experimental data is a straight line. The calculated 
results are also in very poor agreement with the experimental curve 
for the alkaline decompo.sition of diacetone alcohol investigated by 
Nelson and Butler.’’ A definite sag in the theoretical curve is observed 
whereas the available data indicates, again, a straight line relation 
between /; and Fd- 

As suggested by Hamill and LaMer in the case of glucose, it Is 
quite possible that the lack of agreement in the sucrose, glucose, and 
diacetono alcohol reactions may be due to substrate exchange ivith 
the solvent. The preliminary results of Hochberg and LaMer seem 
to indicate lh(‘ possibility that the rate of the base catalyzed reaction 
of nitramide decomposition is a linear function of Fd. Nitramide 
also exchanges with the solvent. 


• Topley & Eyring, Jour. Cliein. Phj s. 2: 217. 1934. 

> Wynne-Jones, Trans, Paradaj Soc 32; 1397. 1936. 

7 Orr & Butler, Jour. Chem Soc. London 330 1937. Nelson & Butler, Jour. Chem. Soc. 
957 1938 

9 Moelwyn-Hughes & BonhoeSor, Naturwissen 22:174. 1934. Gross, Suess & Steiner, 
Naturwissen 22: 662 1934. Gross, Steiner & Suess, Trans. Faraday Soc. 32:883. 1936 
B Hamill & LaMer, Jour. Ohem. Phys. 4: 395. 1936. 




THE KINETICS OF SOME AMINE CATALYZED 

REACTIONS^ 


By F. H. Westheimer 

From the Oforge Herbert Jones Laboratory of the University of Chicago 

There are many reactions, like the saponification of an ester, which 
are catalyzed by hydi’oxide ion or in which hydroxide ion enters 
directly. There are, on the other hand, a few reactions which are 
catalyzed by bases in general, that is, by any molecule which can act 
as a proton acceptor. For example, in the decomposition of nitra- 
mide, discovered by Bronsted and Pedersen^ in 1924, not only hydrox- 
ide ion, but such bases as aniline and acetate ion are catalysts. It is 
characteristic of such a reaction that, at constant ionic strength and 
constant buffer ration (and therefore at constant hydroxide ion 
concentration) the rate of the reaction increases linearly with buffer 
concentration. The rate of the reaction can accurately be expressed 
by the equation: 

*ob8 = 

where fcoba is the observed first order rate constant, and hs is the cata- 
lytic constant of the base at the concentration (J5). Further, there is 
a relationship between the strengths of the bases used as catalysts and 
the corresponding rate constants: 

is = 

Here G ib a constant for a series of bases of similar charge type and 
structure, Kb is the dissociation constant of the base, and 0<j;<l. 

Recently a third type of reaction in alkaline solution, namely 
catalyds by primary and secondary amines, has been discovered. 
While this type of catalysis has been established by kinetic studies 
only for the decarboxylation of acetoacetic acid, for the decarboxyla- 
tion of dimethyl acetoacetic acid and for the dealdolization of diace- 
tone alcohol, there is qualitative evidence that other reactions proba- 
bly belong in the same category. For example, Fischer and Marshall* 
found that alanine catalyzes the condensation of acetaldehyde in the 

> Presented at the Oonference on Kinetics in Solution, The New York Academy of 
Sciences, on February 24, 1930. Revised August 1, 1939. 

•^Brdnstod & Pedersen, Zeit physlkal. Ohem. 108: 186. 1924. Bronsted, Ohem. Rev. 
5: 231. 1928. 

•Elseiier ft AlancliaU, Ber. e4B: 2825 1931. 
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presence of phosphate buffers at pH 7, and in the reaction of nitro- 
methane with benzaldehyde, the product Worall* obtained with a 
primary or secondary amino difiorcd qualitatively from that found 
when a tertiary amine was used as catalyst. The present paper is 
devoted to a detailed discussion of the cases in which the kinetics of 
amine catalysis is known. 

There have been several quantitative studies of the decarboxylation 
of acetoacetic acid. Ljunggren^ found that both the acid and the salt 
lose carbon dioxide, the former much more rapidly than the latter. 
The rate of the reaction, in the absence of amines, can accurately be 
rcpicsented as the sum of the two independent reactions, the decompo- 
sition of the acid and that of the salt. The reaction is markedly 
accelerated by aniline, while dimethyl aniline is without effect on the 
rate. Since both amines have about the same strength, general base 
catalysis is out of the question. 

Recently, Pedersen® has made a careful study of the decarboxjda- 
tion of dimethyl acetoacetic acid, both in the presence, and in the 
absence of amines. Using the dimethyl derivative of acetoacetic acid 
has the advantage that enolization of the acid need not be considered 
in the mechanism. 

Both the acid and the ion lose carbon dioxide, and, as in the case of 
the unsubstituted compound, the rate at which the acid loses carbon 
dioxide greatly exceeds the rate for the ion. In the absence of amines, 
the rate is given by the expression: 

d(C02) 

; = fracid (Acid) + Amn (lon) 

at 

That the reaction is not general base catalyzed is shown by the fact 
that glycolate ion is without effect on the rate. 

The decomposition of the ion can be represented by the equation; 

CH3C0C(CH3)2C00- CH3C0C(CH3)2“' + CO 2 

where CH 8 COC(CH 3 ) 2 “ is the enolate ion of methyl isopropyl ketone; 
the enolate ion reacts rapidly with water to yield the corresponding 
ketone. An adequate mechanism for the decarboxylation of the acid 
itself is more difficult to formulate. To explain the decarboxylation 
of the acid (and also to account for the amine catalysis), Pedersen 
tentatively advanced the ingenious hypothesis that the compound 

^Worrall, Jour. Am. Chem. Soc. 56: 1556. 1934. 

B Ljungirren. Dissertation. Lund. 1925. Ber ges Physiol 38: 620. 1927. 

f Pedersen, Jour Am. Chem Soc, 61; 2098. 1929.68:240. 1936, 60; 595. 1938; Jour. 
Phys. Chem. 38; 559. 1934 
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which loses carbon dioxide is not the acid itself, but rather the corre- 
sponding zwitterion. That is, Pedersen assumed that the decarboxyla- 
tion of dimethyl acetoacetic acid leads directly to the cnol. 

CHa C - C(CHa)sCOO- CH, C = CCCH,)* -b CO* 

HO HO 

+ 

That the enol is actually produced, Pedersen showed by carr3diig out 
the reaction in the presence of bromine and iodine. Under the condi- 
tions of the reaction, the rate of halogenation of methyl isopropyl 
ketone is small, but the rate of disappearance of halogen is identical 
with the rate at which the decarboxylation takes place in the absence 
of the halogen. In other words, the decarboxylation leads directly to 
a compound which brominates rapidly compared with the rate of 
brominalion of methyl isopropyl ketone itself. In view of present 
knowledge of the bromination reaction’ it seems most likely that this 
reactive intermediate is the enol. Further, the stability of ketopinic 
acid has led Bredt,^ somewhat earlier, to suggest that an enol is directly 
produced in decarboxylation. 

The mechanism advanced by Pedersen is not, of course, the only 
one which would account for the formation of the enol as the primary 
reaction product. A mechanism equally in accord with the kinetic 
evidence would replace the zwitterion by a chelate ring structure, 

CHax /CHa 


CH» 


II 


0 


O 


or by the cylic ester of the hydrated foim of the ketone. Experi- 
mental work which may help decide among these various possibilities 
is now in progress at the University of Chicago. 

In the presence of amines the rate expression is quite complicated. 
In order to account accurately for the rate of the aniline catalyzed 
decarboxylation, Pedersen was forced to employ the following equa- 
tion: 
diCO)2 

— J — = fcaad (Acid) +frion (lon) +kB (Aniline) (Acid) +i5/(Aniline)2 

(Acid) 

Since more than one interpretation is possible, the exact mechanism is 


7 Wilson, Trans. Faraday Soc. 34: 175. 1938. 
•Bredt, C 98: II. 2298. 1927. 
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open to doubt. In solutions of low aniline concentration, only the 
first three terms need be considered. Pedersen pointed out the con- 
centration both of the Schiff base 

CH, C - C(CH,)2 COOH 
NC,H5 

and of the zwitterion 

CHs C - C(CH ,)2 COO- 

HNC#H6 

+■ 

will be proportional to the product of the concentrations of aniline and 
acid. The strength of the Schiff base will greatly exceed that of the 
keto acid, due to the greater basicity of a nitrogen as compared with 
an oxygen atom. Despite the fact that the concentration of aniline 
is low, and the formation of the Schiff base incomplete, the concentra- 
tion of the zwitterions arising from the Schiff base may well exceed 
that arising from dimethyl acetoacetic acid itself. On the basis of the 
reasonable assumption that the rates of the decarboxylation of the 
two dipolar ions are comparable, the catalytic effect of primary amines 
on the decarboxylation of dimethyl acetoacetic acid can be explained. 

This explanation is by no means imique; in addition to alternative 
mechanisms similar to those advanced in coimection with the uncata- 
lyzed decarboxylation of dimethyl acetoacetic acid, it is quite possible 
that the rate controlling step is the formation of the ketimine. 

Before considering the effect of amines on the dealdolization of 
diacetone alcohol, it is necessary to establish the mechanism in the 
presence of sodium hydroxide. The reaction 

CH,\ /OH 

yC^ CHs COCH, -> 2CHjCOCHi 

ch/ 

is strictly first order with respect to the concentration of diacetonc 
alcohol, and the rate varies linearly with the hydroxide ion concentra- 
tion. The evidence to show that the reaction is not subject to general 
base catalysis will be presented shortly. Accepting tl^ conclusion, 
the most probable mechanism for the reaction involves the unimolecu- 
lar decomposition of the diacetone alcoholate ion. Since the alcohol 
is undoubtedly a very weak acid, the concentration of this ion will be 
strictly proportional to the hydroxide ion concentration. In the 
equation for the decomposition of the diacetone alcoholate ion which 
follows, CHsCOCHj" is the enolate ion of acetone. 
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CHsx yO- 

CH2COCH3 CH3COCH3 + CHsCOCHg- 

cw 

The enolale ion subsequentlj" reacts with water to give acetone and 
hydroxide ion. 

The fact that the dealdolization is catalyzed by amines was first 
demonstrated by Miller and Kilpatrick.® Using solutions of ammonia 
and ammonium chloride, for example, they found that, at constant 
ionic strength and constant buffer ratio, the rate of the reaction in- 
creases linearly with increasing buffer concentration. The rate can be 
expressed by the equation, 

fcobs ~ koH-iOHr) + fcj5(B) 

where fcobs is the first order rate constant for the dealdolization in the 
particular solution chosen, kon- the specific rate constant for cataly- 
sis by hydroxide ions present at a concentration (OH~) and ks is the 
rate constant for the catalysis by the amine, present at a concentration 
(B). French, however, had previously shown that the reaction is not 
catalyzed by phenolate ion, a base in the Bronsted sense of the term. 
Further, the rate constants for the various amines investigated by 
Miller and Kilpatrick bear no simple relation to the base strengths of 
the amines. Stimulated by this interesting work by Miller and 
Kilpatrick, a further investigation of the amine catalysis of the deal- 
dolization of diacetone alcohol was carried out by Herzl Cohen and the 
author,^ The reaction, while catalyzed markedly by molecular 
methyl amine and to some extent by dimethyl amine, is quite un- 
affected by trimethyl or triethyl amine (although, of course, the reac- 
tion is catalyzed by the hydroxide ions present in the solution). Figure 
1 shows the results of this investigation. Here each line refers to a 
particular buffer ratio of an amine and its hydrochloride. The in- 
crease in rate with increasing buffer concentration with methyl and 
dimethyl amine is quite clear. The intercept on the rate axis for zero 
buffer concentration refers to the reaction produced by the hydroxide 
ions. Increasing concentrations of buffers of tertiary amines produce 
no change in rate, and this fact, in conjunction with French’s observa- 
tion that phenolate ion does not catalyze the reaction, clearly demon- 
strates that the dealdolization of diacetone alcohol exhibits specific 
amine, and not general base catalyris. Since tertiary amines will not 

u Mnier & Kilpatrick, Jour. Am. Chem Soc 63; 8217. 1931. 

10 French, Jour Am. Ohem Soc. 51: 8215. 1929. 

Westheizaer & Cohen, Jour. Am. Chem. Soo. 60: 90. 1988. 
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catalyze the dealdolizalion, it seems logical to assume that a ketimine 
is the active intermediate. 

While this conclusion is undoubtedly of importance, it merely 
postpones the issue, since no explanation has appeared of the fact that 
the hydroxy-ketimine decomposes rapidly compared with the rate of 
reaction of the original ketol. In this connection it is interesting to 
examine the possibility that the mechanism of this reaction is similar 
to that for the decarboxylation of dimethyl acctoacetic acid. If a 
zwitterion were the intermediate, the following equations would 
represent the course of the reaction.** 

CIl3\ /O- 

V/ CH 2 - C - CHa CHaCOCHs + CH 2 = CCHs 

OTT / 11 I 

HNCHa NHCHa 

+ 

CHj = CCH., + H 2 O CHsCOCHa + CH 3 NH 2 
NHCHs 


However, preliminary experimental work of Mr. W. A. Jones has 
suggested that an alternative mechani.sm is more appropriate in this 
instance. The rate controlling step could, foi example, be the rate 
of formation of the ketimine, or the rate of decomposition of an 
intermediate with a hydrogen bond between nitrogen and oxygen. 

Hs 

CH,v /C\ 

}C/ ^CCHs 

cw I II 

0\ /NCH, 

Further work will be necessary before this conclusion can be .sub- 
stantiated. 


Since the concentration of zwitterions would necessarily be low, it is pertinent to 
Inquire whether a mechanism which requires a dipolar ion Intermediate is possible Such 
a scheme might demand a specific rate constant of more than sec-^ a rate wliich, ac> 
cording to Eyring (Jour. Chem. Phys. 3 : 107. 1935) is the maximum possible. An estimate 
of the ratio of zwitterions to undissodated molecules can be made, similar to Edsall and 
Blanchard's calculation for glycine (Jour. Am. Ohem. Soc. 55: 2337. 1933). In view of 
the fact that there are several alternative mechanisms for both reactions it Is probably 
not worth while recording the choice of constants entering Into the computation. It suffices 
to say that, although there is considerable uncertainty in the data, it is doubtful whether 
the specific rate constant for the decomposition of the zwitterion of the ketimine in the 
dealdolization could approach lO^o sec-^; the rate constant In decarboxylation would 
be many powers of ten lower. In neither case, then, is the above hypothesis in contra 
diction with present ideas of absolute rates. 
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SUMMARY 

The kineticb of the decarboxylation of dimethyl acetoacctic acid 
and of the dcaldilizatioii of diacctonc alcohol, both in the presence 
and in the absence of amines have been discussed. Several mechanisms 
have been suggested for the amine catalyzed dealdolization. While 
the investigation of neither reaction is complete, present work shows 
that, in addition to hydroxide ion catalysis and general base catalysis, 
a specific amine catalysis must be considered in discussing the mecha- 
nisms of organic reactions. 
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